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Symposium on Superconducting Magnetic Energy Storage System 


[Selected papers from the Symposium on Superconducting Magnetic Energy 
Storage System held on 14-15 July 1993 in Tokyo, sponsored by ISTEC and 
RASMES ] 


Roles of SMES in Next-Generation Power Systems 
946C2010A Tokyo CHODENDO DENRYOKU CHOZO SHISUTEMU in Japanese 14 Jul 93 pp 1-6 


[Basic lecture by Eisuke Shoda, Professor, Faculty of Engineering, University 
of Tokyo] 


[Text] Abstract 


The increased dependence of society on electrical energy has increased the 
demand for electric power and the need for higher power supply quality. The 
next generation of power systems will be required to deal efficiently with 
such a situation while maintaining economy and contributing to environmental 
conservation. Superconducting magnetic energy storate (SMES) is one of the 
potential means to overcome these future issues but the target should be 
identified considering the large scale of the required development. From 
this viewpoint, I will discuss the roles of SMES considering its application 
in next-generation power systems and forms of systems that could make it 
possible. 


1. Introduction 


There has been steady progress in superconducting technology in terms of both 
the implementation of conductors and cooling systems and the development of 
systems applying superconductors. High-temperature superconducting materials 
have been developed in rapid succession and their conducting performance is 
approaching that of low-temperature conductors and potential new applications 
are being studied. In the field of electric power, superconducting magnetic 
energy storage equipment is being developed together with superconducting 
power generators, superconducting cables and superconducting current limiters. 
Much is expected of superconductivity as a key technology for power systems 
in the 2lst century. 








Above all, SMES systems which will provide electric power systems with new 
functions that have not been available with previous equipment are expected 
to have the brightest future among several applications of superconductivity 
and R&D are being conducted in many countries. Following the market predic- 
tions established at the International Superconductivity Industry Summit, 
held in May 1993 in Hakone, Japan, also expects much from SMES systems; it 
was predicted that they will account for about 10% of the market for applied 
superconducting products in the first half of the 2lst century. However, 

as for specific fields in which it will be used in power systems, the ideas 
of different countries vary depending on the conditions of their power 
systems, making the development targets different in different countries. 


As will be detailed at the present symposium, SMES development projects are 
also under way in Japan under the Agency of Natural Resources and Energy, and 
technical developments of pilot plants are advancing steadily aiming at 
practical implementation in the 2lst century. How the SMES systems developed 
in this way will be positioned in future power systems and what development 
programs should be considered for implementing even larger-scale SMES 

systems -- the answers to or opinions on these questions also vary depending 
on who is asked and it is desirable that the targets be clarified even for 
the developments in progress at present. In the rest of this lecture I will 
express my personal expectations for SMES in next-generation power systems 
and the roles of SMES systems in them. 


2. Problems in Next-Generation Power Systems 


The problems that next-generation power systems will encounter are related 
to both quantitative and qualitative aspects of electric power. To solve 
these two types of problems, electricity-generation technology should deal 
with the contradictory themes of centralization and decentralization in a 
unified manner. On the other hand, the trend of integration of the inter- 
national economy and markets leads to the necessity of international harmony 
in electric power technology. It will be necessary to unify the charac- 
teristics most suitable for individual region and the matching with more 
global requirements in every power system. 


(1) Quantitative Problems 


As the dependence of society and our lives on the electrical energy 
increases, it is estimated that the total power demand of Japan will be as 
high, above 200 million kilowatts, in the year 2010. But the increase in 
power facilities is accompanied with difficulties while restrictions on the 
burning of fossil fuels will be severe due to environmental considerations. 
In this situation, more effective methods for generating, distributing and 
utilizing electrical energy should be pursued and the use of distributed 
power sources such as natural energy sources and recovered heat sources 
should be promoted. 


As for the regional distribution of demand, the growth in urban areas is 
largest at around 2% per year and important problems are posed in the 
security of introducing and supplying electrical energy in areas where 


























economic and .iving activities are concentrated. The uneven regional distri- 
bution of demand and power supply in Japan also makes efforts for stable 
operation and effective equipment utilization necessary and the setting-up 
of basic systems and provision of stability-enhancement equipment are 
necessary to deal with this. 


As seen from the above, next-generation power systems will be required to 
take a double-sided approach to assure the supply capacity required to meet 
increased demand and independent, distributed functions or, in other words, 
aspects related to centralization and aspects related to decentralization. 
Superconductivity technology has been considered as a solution for the 
former aspect by putting emphasis on its high efficiency. However, as will 
be explained later, SMES also features the possibility of dealing with the 
second aspect. 


As well as the quantitative increase of the demand for power, variations in 
demand with time is also deeply concerned with the effective utilization of 
energy and power supply facilities. Changes in people's lifestyles have led 
to the concentration of the use of power and load facilities in specific 
time zones and the cutting of peaks is desirable from the viewpoint of 
equipment management. Although the research into DSM system for guiding the 
demand pattern using software is advanced, efficient, easy-to-build power 
storage facilities are required for the solution of the problem. Particu- 
larly, in case the peak demand is high as it is in cities in the winter, the 
DSM guidance system tends to become unstable due to the large number of sub- 
stitutes while analysis tends to take too long. A system providing more 
accurate control will be important also from this viewpoint. 


(2) Qualitative Problems 


As the dependence of economic and social activities on electrical energy 
increases, the quality of the supply has become an important issue. The 
present trend is to define a standard power supply quality by guaranteeing 
the variation limits of voltage and frequency as the factors affecting the 
equipment performance as well as the stability and reliability of the supply. 
The increase in the number of electronic products influenced by various EMC 
conditions will make the requirements for power quality control severer. In 
Europe, electric power is regarded as something circulating throughout the 
continent and is subject to standardization. The importance of the manage- 
ment of power quality will also be critical considering the implementation 
of a product liability law. In the long term, there is even the possibility 
of thé qualitative classification of power supplies supplied through differ- 
ent power distribution systems. 


Adjustment of the power quality inside a power system has become possible 
because progress in power electronics has made the qualitative conversion of 
power at both high and low power levels possible. However, if such an opera- 
tion is to be provided over a long time period to prepare for a momentary 
power failure for example, the power adjustment system should be able to 
store a considerable amount of energy. Much is expected from power storage 
systems as units satisfying this requirement. As it can be developed in a 








smaller scale compared to systems for solving quantitative problems in (1), 
it is a subject the practical implementation of which is easier. 


With distributed power sources such as natural energy sources as a solution 
to quantitative problems, the inferior quality of power from such sources 
when compared to the power currently supplied by power systems is an obstacle 
to their introduction and the establishment of economy, but power quality 
converters will serve to resolve these problems. The qualitative cond:itions 
and quantitative conditions may seem to be separate, but they are related tw 
each other as seen here. Another factor determining power quality is the 
reaction from the load because this often degrades quality. The energy 
regeneration from the load and the use of cogenerated power can also be 
included in this factor. The quality adjustment at the load end to maintain 
the quality of power supplied by the power system does not only solve the 
problem in the supply of power to the load but, from this viewpoint, it also 
contributes to the effective utilization of energy. 


(3) Centralization and Decentralization 


As I mentioned before, social requirements make it necessary for next- 
generation power systems able to increase the concentration of equipment to 
solve the quantitative problems by implementing equipment and power facili- 
ties with a larger size and capacity on one hand, and to deal with finesse 
with small-capacity facilities and loads distributed in the system in a 
decentralized manner on the other hand. Up to now power technology in Japan 
has been pursuing technical developments with the former orientation, and 
dealing with the later orientation will be a completely new approach. To 
achieve these two targets with balance, different operation guidelines and 
equipment with different performances from those used in previous power 
systems may have to be introduced. 


(4) System Flexibility 


The achievement of these contradictory targets means that the systems them- 
selves should be flexible. Bigger systems lack flexibility so they will be 
required to have a variable structure, and it is desirable that the charac- 
teristics of the systems themselves should be variable to meet various 
requirements. The concept of FACTS has already been proposed for the power 
distribution system to meet these requirements and similar corcepts will be 
necessary in all phases of electric power including its generation, distribu- 
tion and utilization. 


Ultimately, for the effective utilization of energy and equipment, it will be 
necessary to consider a system with flexible variability of the power quality 
itself, in other words, a system configuration which can use power systems 
with different power qualities selectively. 


3. Present Status of SMES Development 


The main purpose of the present lecture is to detail the diverse roles 
expected for SMES in solving the above problems, and for this purpose it is 

















required to understand how far SMES has been developed at present and what 
potential is expected in future. 


3.1 Construction and Technology of SMES 


An SMES system consists of a power converter and associated equipment and 
controllers in addition to the superconducting coil. The emphasis tends to 
be placed on the development of a large superconducting coil, but the entire 
system should be implemented to fulfill the required functions. From the 
viewpoint of hardware, the elements required for implementing SMES are: 


(a) superconducting coil; 
(b) power converter; 
(c) persistent current switch and protection switch. 


I will not deal with the details of the development of each element as these 
will be discussed in detail by other lecturers, and in my lecture I will 
only give an overview of the probiems associated with them. 


The amount of energy to be stored by an SMES system varies depending on the 
application. From the viewpoint of only the development of the supercon- 
ducting coil, megajoule class coils have already been developed and even 
larger magnets are in use in high energy physics experimental systems. 
However, as yet there is no example of a large toroidal structure for use in 
reducing the influence of the magnetic field on the environment surrounding 
the equipment. Also, in case charging and discharging should be repeated to 
adjust the power, it is necessary to confirm the usable amount of stored 
energy which is determined by the stability of magnets with respect to the 
influences of mechanical forces and transient changes in magnetic fields and 
the rate at which the stored energy can be used, through experiments. 

Except for the test at the BPA, experiments of the operation of an SMES 
system connected directly to a power system did not use actually usable 
systems. To verify if the required functions can be manifested without 
degrading the high reliability of Japanese power systems, it is indispensable 
to conduct experiments with an actual-class system composed of small-scale 
equipment. 


The operating voltage of the superconducting coil is expected to be of kilo- 
volt order. On the other hand, the power converter should be of the large 
current type because a small-capacity SMES system should absorb and emit 
power at high speed and a large-capacity SMES system should charge and dis- 
charge power according to its capacity. In addition, self-excited conversion 
is indispensable in future to avoid reaction of the SMES system's operation 
on the power system. Large-capacity self-excited converters using GTOs have 
been developed for use in driving electric motors and the compensation of 
reactive power, but the converter in an SMES system should handle even 
larger currents so study is required into the parallel configuration of 
elements and the snubber regeneration method. In any case, since the con- 
verter is composed of several elements connected in series or parallel, the 
SMES system must be constructed as a system rather than considering the 
convertex and superconducting coil as independent units. 








With regard to the persistent current switch, a major topic is whether a 
non- or low-loss switch that can withstand the high current of an SMES 
system can be implemented. Naturally, such a function does not have to be 
provided by a single unit; the switch may also be developed as a system, 
considering how functions can be allocated between the low-temperature and 
high-temperature blocks and if several switches can be allocated for differ- 
ent velocity ranges. If the development of SMES is to progress from low- 
capacity SMES systems for use in power quality adjustment, it is not 
necessary to consider long-period energy storage from the start of develop- 
ment; it will be possible to start with the use of a simple short-circuiting 
switch and adopt a systematic viewpoint along with the progress of develop- 
ment of persistent current switches. To clearly define the direction of the 
development of the persistent current switch, it is necessary to arrange the 
characteristics required for the switch during the use of various SMES 
systems and identify the quantitative requirements through simulations. 


3.2 Applicability of SMES 


Much research has been conducted into the application of SMES ir power 
systems, theoretically, through simulations and through model experiments. 
From the generation of power to its utilization, the applications can be 
summarized as shown below: 


(a) provision of high added value to the use of natural energy; 
(b) improvement of stability of power transmission lines; 

(c) power system frequency adjustment; 

(d) load leveling; 

(e) compensation for load swing; 

(f) measures against power failures; and 

(g) measures against momentary voltage drops. 


As a special application, the use of SMES in the on-line, real-time estima- 
tion or identification of power system status has also been proposed. 


I will not deal with the details of individual applications, but I would add 
that small- and medium-capacity SMES systems could achieve a number of these 
applications simultaneously and they can be considered to be suitable for 
multi-purpose utilization. This does not mean that a single type of equip- 
ment should be produced for all purposes but it demonstrates an advantage 
with regard to production that similar designs and equipment can be applied 
for a variety of purposes. 


Another point to be noted is that the several applications are concentrated 
rather on the load end. This indicates that an SMES system with a rela- 
tively small capacity may have wider applicability. The fact that the micro 
SMES systems already commercialized in the USA are marketed as a type of 
uninterruptible power supply evidences the potential in terms of actual 
applicability. 














4. Roles in Next-Generation Power Systems 


From the above background, the roles of SMES systems in next-generation power 
sytems can be regarded as follows. 


(1) SMES Systems for Maintaining and Improving Power Quality 


Various types of compensators are expected to be introduced in both power 
transportation and distribution systems for maintaining the quality of the 
supplied power. Such equipment may be installed with a certain ratio with 
respect to the equipment's capacity. Since a large variety of SMES systems 
will be available as I said, the introduction is expected to start with those 
with higher functionality with a relatively small capacity. 


Though the purpose is the same, the load systems also need SMES for their own 
security and for cogeneration. If products with relatively small capacities 
and low prices can be commercialized, they will have a high potential 
because this purpose does not necessitate reliability as high as the SMES 
systems for use in power systems. Nevertheless, the larger scale and more 
complicated technology than conventional electrical equipment may make it 
necessary to obtain certain cooperation from power companies for their 
installation and operation. There is also a problem of how far the power 
companies can involve themselves in the use of electricity of load systems 
considering the provision of higher added value to the power supplied by 
then. 


From the viewpoint of harmony between equipment having similar functions, 
capacitive compensation equipment and inductive compensation equipment 
complement each other and this is also affected by the properties of the 
load. In this aspect, SMES systems are similar to SVC systems but are 
suitable for a wider range of applications and have a larger capacity. As a 
result, a study into the coordination between the capacitive SVG and SMES 
systems is required. 


As communications control technology is expected to make more progress in the 
future, coordinated operations of multiple SMES systems with distributed 
installation will be easy. Therefore, the implementation of standardized 
SMES systems with relatively small capacities can be expected. In this 
context, the application of high-temperature superconductors is extremely 
desirable for widening the application range. 


(2) SMES and Provision of Distributed Power Sources With Higher Added Value 


The use of natural and recycled energy sources should be promoted strongly 
from the viewpoint of the effective use of energy sources, but these energy 
sources are largely variable and the time range in which they are usable is 
limited. In addition, as their energy conversion costs are higher than those 
of large capacity commercial power generation equipment, it is desirable that 
they should be used after having been converted into power sources with 
higher value. As individual distributed power sources do not generate such a 
large amount of energy and the period of conversion between time ranges can 














be relatively short, storage system with relatively small capacities would be 
useful if individual power sources could be combined. The larger number of 
charge-discharge cycles and the freedom of control during charging may give 
SMES advantages over secondary cells. As such a system is close to the con- 
cept of centering around the load, it could be used effectively in the case 
of an emergency thanks to its multi-purpose applicability. 


(3) SMES as Load Swing Compensator 


If the applications cited above can contribute to the establishment of the 
technology for SMES manufacturing and the interconnection of SMES systems 
with a relatively small scale, SMES systems with a larger scale will be 
possible with technical developments increasing the size of the super- 
conducting coil and improving its performance. The most eagerly awaited 
application is the load swing compensation SMES system to be installed close 
to the load end. Such a system is particularly desirable for effective 
energy utilization and the maintenance of the quality of the supplied power 
if it can suppress the rapid load swings produced by electric trains and in 
steel manufacturing. On the other hand, when the power source is very weak, 
the system will have a more importance as a compensator for it. 


Not a few of next-generation technologies in fields other than electric power 
presuppose the use of a large amount of electric power which will contain 
large swings. One typical example is the superconducting maglev railway. In 
addition, such a system is not always located on a strong supply point in the 
positional relationship of its interconnection with the power system. It is 
given the role of an interface between gigantic systems at the same time as 
being a load swing compensator. An interface of this kind is important as 
the feasibility of next-generation systews in other fields would be affected 
if it cannot be constructed properly. Transportation systems require energy 
regeneration during braking for safety as well as effective energy utiliza- 
tion and such a system is also necessary for coordination. 


(4) Energy Storage System 


When technology progresses to a degree allowing the implementation of larger 
systems, energy storage systems will be introduced for the purpose of load 
leveling. If the requirements for ground strength can be relieved by the 
use of toroidal structures or like, it is desirable to improve the energy 
utilization efficiency by load leveling near the load center. If the 
single-polar centralized Japanese society cannot be changed and socio- 
economic activities should be promoted with even higher concentration, an 
energy storage system could contribute to the security of the power supply 
in central Tokyo. 


When the power system reaches a gigantic scale and complicated configuration, 
the control for transforming the entire system to a different, safe status 
will be required in the case of a fault, in addition to the previous control 
for the protection of individual equipment. In this case, the operation for 
charging and discharging energy will be required urgently at many points 














throughout the system. The energy storage system accompanying the basic power 
system may be responsible for such a multi-purpose operation. 


5. Conclusion 


In the above, I have expressed my personal opinions on the positioning of 
SMES in power system. As the applications of SMES systems will increase as 
a result of technical developments, there will be a need to solve cost- 
related problems and establishing reliability through technical developments. 
If I am allowed to take a rather conservative viewpoint, considering the 
innovative nature of superconductivity technology, step-by-step developments 
starting with small capacity and advancing to higher capacity are desirable 
and programs should be developed by identifying the targets of the steps. 


Because an SMES system is composed of multiple elements, it would be a good 
idea to conduct development by starting by assuming standard equipment with a 
small capacity and advancing aiming at reducing costs. In other words, a 
cooling system that can make such an approach possible is desired. 


SMES Research Activities at ISTEC 


946C2010B Tokyo CHODENDO DENRYOKU CHOZO SHISUTEMU in Japanese 14 Jul 93 
pp 7-10 


[Research activity report by Susumu Yamada and Testuo Yoshioka, ISTEC] 
[Text] Abstract 


The research into superconducting magnetic energy storage systems (SMES) at 
ISTEC began with "Survey on Power Equipment for Superconducting Energy 
Storage" conducted over three years from FY88 to FY90 commissioned by the 
Agency of Natural Resources and Energy; this consisted of research into SMCS 
equipment manufacturing technology and a feasibility study into its 
applicability in power systems. In the feasibility study, we identified the 
problems in the technical development of large-, medium- and small-scale SMES 
systems, estimated their feasibility, studied the effects of SMES introduc- 
tion, compared it with existing technology, and proposed that the next 
development project should target an SMES pilot plant with an available 
capacity of 100 kWh and an available power output of the 20 MW class. 


"Survey on Developments of Element Technologies of Superconducting Magnetic 
Energy Storage System" started in FY91 is intended to develop the element 
technologies required to construct an SMES pilot plant according to the above 
proposal. The R&D to establish the element technologies necessary to develop 
a small-scale pilot plant combining stability, efficiency, economy, operation 
controllability, protection performance and environmental friendliness with 
multi-purpose operations including load swing compensation and system stabili- 
zation has made progress. 














1. Applicability of SMES 


An SMES system can be regarded as the application of superconductivity tech- 
nology in electric power that has different characteristics than previous 
power equipment. While systems other than SMES are basically systems with 
the same functions as existing equipment but using superconductors, an SMES 
system provides the new features listed below which are not found in other 
equipment : 


(1) high energy storage efficiency; 
(2) quick energy input and output rates; and 
(3) independent control of effective power and reactive power. 


If SMES systems with these outstanding features can be introduced in power 
system in the future, a wide range of effects in load leveling, power system 
stabilization and power quality improvement can be expected because SMES 
makes possible output-related (kW) features as well as energy storage- 
related (kWh) features. 


However, the introduction of SMES in power systems will not be possible 
unless it has been confirmed at least that the features inherent in SMES can 
be manifested fully, that SMES systems have reliability and maintainability 
equivalent to or better than existing equipment and also that they are cost- 
effective. Table 1 shows the image of introduction of small-, medium- and 
large-scale SMES systems in applications expected in the 21st century. 
Small-scale SMES systems will be introduced for load swing compensation and 
stabilization of relatively small-scale systems, in places such as the 
generating ends of long-distance power transmission lines and primary, 
secondary and distributing substations. Medium-scale SMES systems have 
wider applicability and purposes including load leveling, and their scales 
are expected to make them most suitable for distributed installation in 
primary, secondary and distributing substations. Large-scale SMES systems 
are basically alternatives to pumped storage power plants and can be 
installed on a solid foundation or in 500 kV class transforming substations. 


Table 1. Scenario of Introduction of SMES 














Scale | Installation position Introduction effects 

Small- | 0.1 MWh | Generating end of Improvement of stability, 
scale class long-distance power Leveling of small load swings, con- 
SMES transmission lines, trol of voltage swings, 

66 kV substation, Smoothing of intermitted power out- 

Solar or wind power put. 

generation system 

| introduction point 




















[Continued on following page] 
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Scale {Installation position Introduction effects 
Medium- | 100 MWh | Transforming sub- Load leveling for deferment of con- 
scale class stations: 154 to 275 | struction of power transmitting/ 
SMES kV substations transforming facilities, 


Leveling of large load swings, con- | 
trol of voltage swings, 
Reduction of reactive power coordi- 
nation facilities, reduction of | 
| system frequency coordination 
| facilities, reduction of pulsing 
; | reserve force, 

' ; Improvement of supply reliability 
; | ' (reduction of power failure period 
| | due to accident), control of inter- 














, connection tie-line power fluctua- 





tions. 
| tome GW Distributed type: | Load leveling for reduction of peak 
| scale class 500 kV transforming power facilities, deferment of 
SMES substation power transmitting/transforming 
| Large type: Posi- facilities, 
tion where location Reduction of power transmission 
condition is met loss, improvement of thermal effi- 


ciency of generating facilities, 
reduction of start/stop loss in DSS 
operation, 

Reduction of reactive power coordi- 
nation facilities, reduction of 
system frequency coordination 
facilities, reduction of pulsing 
reserve force, 

Improvement of supply reliability 
(reduction of power failure period 
due to accident), control of inter- 
connection tie-line power fluctua- 
tions. 





et: A Om 

















2. SMES Development Steps 


To apply a new system like SMES in a power system, it is required that the 
system has been fully established technologically and that its introduction 
provides the required effect. It is therefore necessary from the development 
stage that the effects of application and reliability should be demonstrated 
by interconnection with an actual system and that it has operability and 
maintainability that can fully meet user requirements. Taking this condition 
in consideration, it is desirable that, as shown in Figure 1, the development 
of SMES is started with the demonstrative development of small-scale systems 
because: 1) there would be less problems in the development considering the 
present level of technology; 2) the development resources (human and economic) 
can be used efficiently; and 3) technology transfer to the developments of 
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medium- and large-scale SMES systems will be smooth. The tests and evaluation 
of small-scale SMES systems have an important significance in identifying its 
practicability as a system as well as in studying the possibility of the 
development of medium- or large-scale SMES systems. 
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Figure 1. SMES Development Steps 
Key: 


1. Interim evaluation 

2. Practical use 

3. Evaluation, improvement 

4. If necessary 

5. E: Element design 
D: Device trial fabrication, testing (including actual system test) 
M: Pilot plant manufacturing 
T: Pilot plant demonstrative test 

6. Study of necessity of medium-scale SMES development 

7. Performance and economy evaluation/improvement 


The small-scale SMES system should have a scale enabling test and evaluation 
of the stability, efficiency, operation controllability, protection per- 
formance and economy of operations with multiple purposes including swinging 
load supply and system stabilization. When the scale of the pilot plant of a 
small-scale SMES system is calculated specifically from a typical load 
pattern and operation pattern, the most suitable scale may be of the 100 kWh/ 
20 MW class. 
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Items 1 and 2 above were proposed as a result of the "Survey on Power Equip- 
ment for Superconducting Energy Storage" from FY88 to FY90. 


3. Development of Element Technologies of Small-Scale SMES Systems 


Based on the above proposal and as commissioned by the Agency of Natural 
Resources and Energy, the "Survey on Developments of Element Technologies of 
Superconducting Magnetic Energy Storage System" is being conducted as a 
6-year project starting in FY91 in order to develop the technologies for the 
elements required to develop a small-scale SMES pilot plant shown in Table 2. 


Table 2. Specifications of Small-Scale SMES Pilot Plant 








Item Specifications 
Storage capacity 100 kWh class 
Converter output 40 MW 
Current 20 kA 
Voltage 2 kV 
Coil structure Toroidal 














3.1 Development of Element Equipment 


The element technologies will be established through the concept design, 
basic design, partial fabrication and testing, evaluation of the supercon- 
ducting coil, quench protection system, AC/DC converter, persistent current 
switch and DC circuit breaker. 


3.1.1 Superconducting Coil 


The basic design, trial fabrication, testing and evaluation are applied to 
four conductors expected for use as the superconducting coil, which are 
immersion cooled NbTi, forced cooled NbTi, forced cooled Nb3Sn (single 
conduit) and forced cooled Nb3Sn (double conduit), and the optimum conductor 
coil will be selected. 


3.1.2 Quench Protection 


The suitable quench detection system for immersion cooling and forced cooling 
systems will be selected based on a search of related literature and the 
optimum coil conductor will be selected through basic design, trial fabrica- 
tion, testing and evaluation. 


The protection systems being studied are the external resistance system and 
regeneration system. 


3.1.3 AC/DC Converter 


The optimum system will be selected from three systems including the current 
type (AC capacitor system), current type (snubber energy direct regeneration 
system) and voltage type, through basic design and evaluation from the view- 
point of current increase and loss decrease required for the SMES. 
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3.1.4 Persistent Current Switch, DC Circuit-Breaker 


(1) The optimum persistent current switch system will be selected from three 
systems including two normal-temperature mechanical systems (common and 
separate conducting and break contact systems) and a very low temperature 
mechanical system, through conceptual designs from the viewpoint of 

increased current and decreased loss. 


(2) The optimum DC circuit-breaker system will be selected from three 
systems including two normal-temperature mechanical systems (common and 
separate conducting and break contact systems) and a non-arc system, 
through basic design from the viewpoint of increased current and decreased 
loss. 


3.2 System Research 
3.2.1 Optimum System Configuration 


The optimum system for SMES will be selected from three systems which are the 
immersion cooled NbTi + current type converter system, the forced cooled 
NbTi + current type converter system and the forced cooled Nb3Sn + voltage 
type converter system, through research from the viewpoints of control, pro- 
tection, operation performance, reliability and economy. 


3.2.2 Effects of Introduction of System 


Assuming that the SMES system is implemented in a current power system, the 
effects in the case of a single-purpose SMES system, the effects in the case 
of a multi-purpose SMES system, and the threshold cost and potential quantity 
of the implementation of SMES systems will be studied as well as research 
into the roles of SMES systems in future power systems in which storage and 
distributed power sources have been introduced. 


3.3 Research Into Test and Evaluation Methods of Superconducting Materials 


Methods for the testing and evaluation of metal and oxide superconducting 
materials will be researched. 


3.4 Development Schedule 
The basic schedule is as shown in Table 3. 
3.5 Development System 


ISTEC has been commissioned to undertake this project by the Agency of 
Natural Resources and Energy. The development of the element equipment is 
the responsibility of the Tohoku Electric Power Co., Inc., Chubu Electric 
Power Co., Inc., and Electric Power Development Company, the system research 
is the responsibility of Kyushu Electric Power Co., Inc., and the Central 
Research Institute of Electric Power Industry, and the subjects requiring 
specialist technology are allocated to manufacturers. In addition, a 
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committee has been formed by people of experience in the academic and busi- 
ness fields to support the research. 


Research Activities of Research Association of 
Superconducting Magnetic Energy Storage (RASMES) 


946C2010C Tokyo CHODENDO DENRYOKU CHOZO SHISUTEMU in Japanese 14 Jul 93 
pp 11-20 


{Research activity report by Toshikatsu Tanaka (Chairman of Engineering 
Committee, RASMES), Kyushu University, Central Research Institute of 
Electric Power Industry] 





[Text] Abstract 


RASMES has been conducting research since FY91 and has established a 3-year 
project centered around four main topics. Through this 3-year project we 
have been attempting to shift the focus of research from the development of 
SMES technology at the level of large-scale pumped storage power generation 
systems to activities covering small- and medium-scale SMES systems. For 
this purpose, we reorganized the previous two sub-panels (Design Sub-panel, 
Systems Sub-panel) into three sub-panels (Design Sub-panel, Systems Sub- 
panel, Applications Sub-panel). Some of the results achieved to date include: 


(1) Completion of the flow of design of small- and medium-scale SMES systems. 


(2) Design concept of SMES system for maglev railway considering its applica- 
tion in transport. 


(3) Study of multipurpose utilization of SMES for office buildings. 


(4) Compilation of methods to evaluate the reliability and safety of small- 
and medium-scale SMES systems. 


(5) Setting-up of method to evaluate SMES systems for use in power systems. 


(6) Development of innovative SMES applications and preparation of required 
projects. 


Introduction 


RASMES (Chairman: Takashi Mukaibo, Chief Director: Kuniomi Umezawa, Deputy 
Chief Director: Hiroshi Kaminozono) was established in May 1986 by institu- 
tions and firms interested in SMES with the firm recognition that it is an 
important future technology, in order to exchange information and conduct 
research and surveys, international interactions and so on. This was half 

a year before the excitement surrounding the discovery of high-temperature 
superconductors. The 28 member institutions at the time of establishment has 
increased to 48 at present as the RASMES has entered the eighth year of its 
activities which are becoming more and more active. The members include 
private firms from a wide range of industries, including power companies, 
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electric machinery manufacturers, wire manufacturers, material manufacturers, 
refrigerator manufacturers, plant manufacturers, general construction 
companies, think tanks and consulting firms. Authorities on superconduc- 
tivity from universities and national research institutions have been 

invited to act as advisers and directors of the RASMES so that it can under- 
take interdisciplinary activities with industrial-academic collaboration. 


Actual activities are conducted multilaterally by the Planning, Engineering, 
Public Relations, International and Financial Committees. RASMES started 
research aiming at developing large-scale SMES systems since 1986 taking over 
the previous research conducted by the national government. In FY88, a long- 
term project study committee was established to study the research policy of 
the RASMES. In the process of the study, the direction of future SMES 
research was studied considering it important to diversify end users and 
shorten the development period in order to implement SMES technology as 
quickly as possible. As a result, it was concluded that the emphasis 

should be shifted from large-scale SMES systems to small- and medium-scale 
SMES systems. Following this conclusion, the Engineering Committee of the 
RASMES studied its long-term research plan, established Long-Term Research 
Project Step 1 (a 3-year project from FY91) and has been conducting research 
based on this. 


This report summarizes the results of this research. 
1. Organization of RASMES 
The organization chart is shown below. 


The Engineering Committee (chaired by Toshikatsu Tanaka, Kyushu University, 
Central Research Institute of Electric Power Industry) develops activities 
through the following sub-panels: 


(1) Design Sub-panel (headed by Takakazu Shintomi, National Laboratory for 
High Energy Physics) 


(2) Systems Sub-panel (headed by Jun Hasegawa, Hokkaido University) 
(3) Applications Sub-panel (headed by Yoshishige Murakami, Osaka University) 
2. Results Up to FY90 


MITI commissioned NEDO to conduct research into SMES (for 3 years from FY83 
to FY85) and the results were left in the form of the "Design Study of a 
5-GWh Class Solenoidal SMES System." In parallel with this research, similar 
studies were also conducted at the Engineering Advancement Association of 
Japan putting emphasis on the installation on rock. RASMES started research 
in FY86, taking over the results above in the private sector. 
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The results up to FY90 include the following: 


(1) FY86: Scenario of development of commercial plants (1 to 5 GWh) aiming 
at starting it in 2000. 
Design of 50 MJ/1 MW test plant. 
Application of high-temperature superconductors -- significance of 
development will manifest at some hundreds of MWh. 


(2) FY87: Design of 20 Mwh/200 MW toroidal prototype plant (aspect ratio 
0.1). 
Design of liquid nitrogen 5 GWh commercial plant. 
Effects of introduction of SMES system (Super GM - Hitachi). 
Study of stability in case of quench with 5 GWh SMES (Super GM - 
Mitsubishi Heavy Industries. 


(3) FY88: (Activities by Long-Term Project Study Committee) 
Development of applications of small- and medium-scale SMES 
systems. 
Design of 20 MWh/200 MW toroidal prototype plant (aspect ratio 
0.2). 
Design of 20 MWh plant considering large-scale SMES conductor. 
Countermeasures against quench propagation delay of large con- 
ductors. 


(4) FY90: Development of applications of small- and medium-scale SMES 
systems. 
Application of SMES in superconducting maglev railway (SMES 
capacity and power supply method). 
Study for cost-minimum design of toroidal 20 MWh SMES system. 
Design of toroidal 0.1 MWh and 20 MWh SMES systems, study of 
issues including location. 
Review of degree of technical achievements in developmental 
research of solenoid 20 MWh SMES system. 
Development of SMES reliability analysis technique -- creation of 
fault tree, etc. 


3. Long-Term Research Project Step 1 (3-year project from FY91) 


The conclusions of the Long-Term Research Study Committee of RASMES is based 
on the following basic thinking. 


(1) For SMES in power systems, to examine the significance of medium-scale 
SMES systems and to start development. 


(2) To construct the concept of multipurpose small-scale SMES systems. (At 
the time, the government started to study the development of small-scale SMES 
systems for power systems.) 





Based on this, the Engineering Committee of the RASMES planned a 3-year 
research project (Step 1). It is necessary to plan a specific development in 
order to establish a true long-term research project. 
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The research activities of the 3-year project are centered around small- and 
medium-scale SMES systems based on the four following main targets. 


I. Establishment of SMES coil and system design techniques. 

II. Establishment of SMES peripheral technology design techniques. 
III. Establishment of SMES evaluation technology. 
IV. Construction of SMES utilization project. 


The following figure [see following page] shows the outline of the 3-year 
project. The project is scheduled to be almost complete at the end of FY93 
but some studies may remain. 


4. Achievements in Long-Term Project Step 1 -- Results of 3-Year Project 
4.1 Activities of Design Sub-panel 
4.1.1 Summary of Studies by Design Sub-panel 


The research in FY91/92 was focused on the medium-scale SMES system described 
in the following. 


(1) Study of cost-minimum optimization technique of medium-scale SMES system 


* Preparation of design flow chart of each system element 
* Organic linkage between element design 

* Reconstruction of overall design flow 

* Study of relative cost calculation technique 


(2) Concrete design of SMES system for maglev train 


* Electromagnetic study 

* Detailed design of coil structure 

* Design of electromagnetic force support structure 

* Design of cooling system 

* AC loss of superconducting coils and helium container 
* Study of input/output converter 

* Study of coil transportation assuming actual route 


(3) Study of evaluation method of SMES system reliability 


* Review of presuppositions 

* Survey of similar facilities 

+.Method of qualitative evaluation of SMES, related items 

* Identification of factors important for reliability (questionnaire on 
reliability of SMES systems) 
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1. Establishment of SMES coil and system design techniques 
2. Development of design program 
3. 1) Master program for coil and system design 
2) Program for detailed design of element technologies: Coil conduc- 
tor, power lead, support structure/material, low-temperature 
container 
4. 3) Detailed design of 100 kWh an“ 20 MWh systems: Comparative study 
(purpose suitability) of coil structures (solenoid, toroidal) 
4) Design of SMES system for power supply to maglev railway 
5) Design of multi-purpose SMES system for office buildings 
6) Design of SMES system that may be proposed when new applications 
are developed 
5. Establishment of design techniques of SMES peripheral technology 
6. Development of system element technologies 
7. 7) Increase of converter capacity 
8) Magnetic shield 
9) Refrigerator -- system design and reliability in long-term opera- 
tion 
10) Optimization of civil engineering structure 
8. Development of operation control technology 
9. Establishment of SMES evaluation technology 
10. Development of evaluation technology of technical feasibility 
11. 12) Methodology of selection of coil structures 
13) Construction cost assessment of actual design (with standardiza- 
tion also included in the scope of study) 
14) Establishment of evaluation method of SMES system reliability and 
safety 
15) SMES administration method, evaluation of its merits 
16) Evaluation of possibility of use of high-temperature supercon- 
ductors 
12., Analysis and evaluation from surroundings 
13. 17) Analysis and evaluation of energy balance (exergy) 
18) Extraction of environmental problems and their evaluation 
19) Development of new SMES applications (evaluation and study of 
utilization technology) 
14. Construction of SMES utilization projects 
15. Construction of grand project 
16. 20) All-superconducting power system 
21) Global utilization method 
22) Applications in space technology 





4.1.2 Summary of Achievements of Design Sub-panel 
(1) Study of cost optimization technique 


In FY91, the sub-panel studied the technique for the optimization of medium- 
scale SMES system design that can provide minimum cost with a simple 
parameter survey according to the load, power system condition, installation 
conditions and so on. The study resulted in the design of toroidal and 
shielded solenoid medium-scale SMES systems. While the final target of this 
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research is to develop a general program for cost optimization calculations, 
the research in FY91 consisted of refining the design of elements, that had 
been studied in FY90, and the extraction of associated parameters required 
for the organic linkage of the elements. A general design flowchart 
relating the elements was also completed in this year. 


The research in FY92 included the extension and improvement of the precision 
of the design flow of element technologies and it was found that the cost of 
each element technology can be calculated by one of the following methods: 


(1) method based on unit price per physical quantity; 
(2) method based on unit price per performance; 
(3) method using the ratio in the overall cost. 


Also, the above was demonstrated with regard to specific elements including 
the basic design, superconducting conductor, coil protection system, helium 
dumping system, current leads, helium container, heat insulating support 
structure, vacuum container and exhaust system, cooling system, civil 
engineering structure, power converter system and assembly method. 


After the above, these cost calculation methods will be made more accurate 
so that the SMES system design parameters featuring cost optimization also 
considering system maintenance costs can be obtained easily. 


(2) Application in maglev train 


In FY91, the sub-panel designed the coil structure, electromagnetic support 
structure and cryostat which can meet the specifications for the SMES system 
for maglev trains (storage capacity 5.6 MWh, converter capacity 7.5 MW). 
The restrictions were the maximum transportable coil size of 5 m and the 
surface pressure due to centripetal force derived from the limitation in 
civil engineering structures of 30 kg/cm*. The coils for a toroidal SMES 
system satisfying these restrictions were designed. The main parameters of 
the coils obtained from the design were a minor radius of 1.56 m, a major 
radius of 26 m, a current of 50 kA and 60 as the number of coils. The 
design used NbTi which can be used immediately as the superconducting 
material for use with the coils. 


The research in FY92 continued the above by studying the design from the 
viewpoint of the SMES system and also started concrete studies of the trans- 
portation method and civil engineering structure as well as their cost 
evaluation. As a result, it was found that the AC loss can be reduced 
within the allowable tolerance by arranging the internal structure of the 
superconductor and countermeasures against the rotating current of the helium 
container. An additional study of the actual transportation route made it 
clear that the transportation is within the possible range considering past 
examples of transportation, though there would be a problem of excessive 
weight. With regard to the cost, the cost of each element was studied 
individually and relative prices were calculated. Based on this, important 
points in price reduction were studied. 
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The cooling system, on-site assembly and power converter system may need 
further study and it was also planned to study the price reduction that can 
make the SMES system compete with other means of storage in the future. 


(3) Evaluation of SMES reliability 


In FY91, the sub-panel reviewed the conditions of the SMES design concept 
which are the presupposition of design, surveyed the reliability and safety 
evaluation methods used with nuclear power generation facilities and chemical 
plants which are somewhat similar to SMES systems, studied the method of the 
qualitative evaluation of SMES systems and selected the evaluation items. 
These studies led to the conclusion thet, although SMES systems have condi- 
tions which are different from other similar facilities, there would be no 
problem if the design methods and evaluation methods (general techniques such 
as FMEA, FTA and ETA) applied to similar facilities are adopted. However, as 
SMES is still in the R&D stage, this study refrained from setting specific 
criteria for them but simply presented the qualitative evaluation items. 


The research in FY92 dealt with the study of SMES system reliability evalua- 
tion items and presented the reliability evaluation items of element facili- 
ties by dividing them into the following stages: 


(1) during design; 
(2) during fabrication and assembly; 
(3) during operation and maintenance. 


Specificaliy, the items required for the evaluation of expected life and 
reliability of SMES system elements were presented based on the design con- 
cept and presuppositions of the SMES facilities and referring to the 
expected life and reliability evaluation items of similar facilities. As a 
result, it was found that the element facilities should provide a balanced 
life expectancy and, for this purpose, they should be designed presupposing 
replacement by providing redundant elements. The sub-panel emphasized the 
importance of the proposed evaluation items while also admitting that there 
were still many future R&D topics for the superconducting coils and current 
leads which are elements inherent to SMES. 


4.2 Activities of Systems Sub-panel 
4.2.1 Summary of Activities of Systems Sub-panel 


The research in FY91 and FY92 was conducted focusing on the following three 
topics. 


(1) Evaluation of benefits of SMES in power systems (aiming at establishing 
standardized, integrated evaluation method) 


* Review of classification of magnetic energy storage functions 

‘ Topics in the operation of power systems, the need for magnetic 
energy storage 

* Study of benefit evaluation method and procedure 
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+ Evaluation of benefits from the user's viewpoint 
* Review of functions to be evaluated for each role of a SMES system 


(2) Maglev type building vibration damping system 


* Anti-earthquake system of 10-story computer center using electro- 
magnets 

* Response analysis 

* Review of topics of future study 


(3) Large city-installed SMES 


* Identification of needs 
* Necessary scale 
*: Evaluation of possible locations 


4.2.2 Summary of Achievements of Systems Sub-panel 
(1) Evaluation of benefits of SMES systems in power systems 


In the evaluation of a new technology like SMES, it is important to evaluate 
the benefits of its introduction and compare the results with the result of 
the cost estimation/evaluation. 


In FY91, the sub-panel achieved the following results related to the 
standardization of the effects of the introduction of SMES and its benefits: 


1) Study and review of classification of essential functions of magnetic 
energy storage, topics in power system operation and need for magnetic 
energy storage, aiming at identifying the issues to be covered by SMES 
benefit evaluation. 


2) Categorization of benefit evaluation subjects into demand-supply coordi- 
nation (economic administration domain), demand-supply coordination 
(load frequency control domain), stability (governor domain or below), 
voltage problems, energy source problems, power source and distribution 
equipment capacity problems, and review of evaluation points, cost 
comparison method, function comparison method and technology competing 
with each of the above objects. 


3) Evaluation of users’ benefits provided by introduction of SMES, identi- 
fication of the issues involved. 


In FY92, the tools required for benefit evaluation were reviewed focusing on 
the following: 


1) Benefits of magnetic energy storage functions -- energy shifting, equip- 
ment capacity. 


2) Benefits of adjustment capacity -- frequency (load traceability), voltage 
(system stabilization). 
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Based on these, the sub-panel proposed a technique for the evaluation of 
SMES's benefits in the aspects of operation and control by emphasizing cost. 
The benefits of SMES in the aspects of operation and control are affected by 
several factors including the demand pattern, power source configuration and 
charging system. Future power systems are expected to use power sources for 
which constant operations in terms of time are desirable and introduce 
distributed power sources which are difficult to be operated or controlled 
from the supplier side, and the benefits of SMES will be greater with such 
systems. In addition, as distributed power sources such as fuel cells and 
solar cells are stationary power sources which do not have an inertial 
energy storage property, the increase in the ratio of use of such systems is 
expected to increase the need for SMES for control in the order of minutes 
and seconds. A concrete evaluation of SMES should be clarified with case 
studies assuming the power source configurations and demand patterns that are 
expected in the future. 


(2) Maglev type building vibration damping system 


In FY91, the sub-panel studied a system of building vibration damping by 
means of its magnetic levitation aiming at increasing the multi-functional 
merits of SMES for office buildings. To identify the basic response proper- 
ties of office buildings by magnetic levitation, an earthquake response 
analysis was carried out by assuming the outline of a maglev type vibration 
damping system and its electromagnetic properties. As a result, it was made 
clear that the vibration damping system has the potential of effective func- 
tioning provided that proper control is applied positively. 


(3) Large city-installed SMES 


In FY92, a model city was studied aiming at studying the effects of intro- 
duction SMES in cities. As the model city, a community using a variety of 
energy sources including solar power generation, power generation combined 
with refuse incinerator and cogeneration was assumed. The estimated city 
had a similar scale to one of the large-scale developments envisaged for the 
Tokyo Bay area. 


4.3 Applications Development Sub-committee 
4.3.1 Summary of Activities of Applications Development Sub-committee 


The research in FY9l1 and FY92 was carried out focusing on the following three 
topics. 


(1) Questionnaire on SMES applications 

(2) Research into SMES utilizing natural energy sources 

(3) Applications of SMES in extremely high rise buildings and the utiliza- 
tion of natural energy sources 


Particularly, applications in very high rise buildings were studied focusing 
on the impact on the social environment and energy saving effects of a 
building with a height of more than 1,000 meters and a resident population of 
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more than 100,000. The application in natural energy sources was studied on 
their utilization conditions and possibilities in the global environment. 


4.3.2 "Summary of Achievements of Applications Development Sub-committee 


In FY91, a questionnaire on SMES applications was sent to engineers and well- 
informed persons in a wide range of fields such as space and oceanography in 
addition to the questionnaires sent previously by RASMES. Teach-in documents 
providing an understanding of SMES were produced after elaborate discussions 
and sent to with the questionnaires. There were 34 replies, and the applica- 
tions proposed in them can be classified as follows: 


Ocean 

Space 

Steel and iron manufacturing 1 
Power system 

Elevator 

Natural energy 

Industrial applications 

Particle accelerators 

Other applications 


VFR ANeF OO WF 


Although the sub-committee did not find an original proposal, it classified 
the answers and showed the approximate values of storage capacity and so on. 
Also, considering the importance of natural energy storage in the future, a 
study was made into the system configuration and control method. 


In FY92, based on the results of questionnaires, basic studies were con- 
ducted on the possibilities of introducing the three technologies which are: 
1) SMES for very high rise buildings; 2) SMES for natural energy utilization 
systems; and 3) SMES for uninterruptible power supplies (UPS). The details 
of these studies are as follows. 


1) SMES for very high rise buildings 


A number of very high rise city systems have been announced by groups 
centered around architects for the creation of new urban space. However, 
increasing the height of a large-scale structure presents many problems in 
addition to those of structural technology. One of these problems is the 
supply in the vertical direction of energy, traffic and physical distribu- 
tion. The research in FY92 was a prestudy for introducing SMES in such an 
urban system through surveys on the objectives of very high rise building 
projects and their technical details. 


2) SMES for natural energy utilization system 


The outputs from power generations using natural energy sources such as sun- 
light and the wind are variable depending on the natural conditions so it is 
often required to provide a certain energy storage system and lead acid 
batteries are used in present power storage systems. To study the possi- 
bility of using SMES for this purpose, the sub-committee surveyed the roles 


27 








and present status of energy storage in natural energy power generation 
systems and the method for determining the energy storage capacity, as well 
as meteorological data from countries throughout the world for use as the 
basic data in natural energy utilization. 


3) SMES for uninterruptible power supplies (UPS) 


UPS systems are widely used to protect equipment that can fail if there is a 
momentury power failure or voltage drop, such as computers. The energy 
storage elements used at present are mainly lead acid batteries. Batteries 
feature a high energy density but also have an important drawback in that 
they have a short service life. In the research in FY92, the sub-committee 
studied the case of using superconducting coils as the energy storage element 
of a 100 kVA UPS and compared their properties with lead acid batteries. 


The results of research of the sub-panels are compiled in the "Research 
Report" issued every fiscal year, and there have also been the four 
external announcements listed below in the International Superconductivity 
Symposium (ISS). 


ISS'89 (Tsukuba): "Design Studies of the 20 MWh Toroidal SMES Magnet 
System" 
"Quench Protection Studies in 20 MWh Solenoidal SMES 
Magnet" 


ISS'90 (Tokyo): "Design Study of 20 MWh Solenoidal SMES for Integrated 
Demonstrative Test Model of Large-Scale SMES" 


ISS'92 (Kobe): "Design of SMES Unit Applicable to Maglev Railway" 
5. Future Plans 

5.1 Activity Plans for FY93 

5.1.1 Design Sub-panel 


To establish the design techniques of a SMES coil system and its peripheral 
technology. 


(1) Study of cost optimization technique of medium-scale SMES system 
(continued study) 


The cost calculation method will be made more precise to allow introduc- 
ing cost optimizing design parameters taking maintenance costs into 
consideration. 


(2) Concrete design of SMES system for maglev train (continued study) 


The element technologies which have not been studied yet will be 
designed and the system cost will be studied. 
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(3) Other 


Study of element technologies; 

Survey on environment and magnetic shielding; 

Survey on possibility of application of high-temperature superconduc- 
tivity. 


5.1.2 Systems Sub-panel 
To establish the technology for evaluation of feasibility of SMES technology. 


(1) SMES benefit evaluation including its standardization in perspective 
(continued study) 


Based on the results achieved as of FY92, the research in FY93 will con- 
sist of a concrete, systematic benefit evaluation of small- and mediun- 
scale SMES systems. 


(2) Study of large city-installed SMES (continued study) 


By setting the waterfront subcenter in the Tokyo Bay as the city model 
to be studied, a city model using estimated basic data will be con- 
structed and the energy demand in the city will be estimated on per-hour 
and per-demand form bases. Then, urban energy supply systems with 
various assumptions, for example whether SMES is introduced or not, will 
be evaluated using the cost, total input energy and environmental impact 
as indices to clarify the possibility of introducing SMES. 


(3) Analysis and evaluation of life cycle energy of SMES (new study) 


The amount of energy required for the construction and operation of SMES 
systems will be evaluated in general, including the energy actually 
consumed and estimated for use in the related industry. The final 
target of this is to evaluate the environmental influence of SMES in 

its life cycle. The evaluation technique will be an input-output 
analysis from the viewpoint of energy, but the details have not been 
established and there are many points to be studied. Therefore, the 
research in FY93 will emphasize the identification of problems in 
establishing the evaluation technique and studies of how they can be 
solved. 


5.1.3 Applications Sub-panel 

Proposal of innovative utilization technology. 

-- At the same time as continuing the survey and study of the applications of 
SMES (very high rise building, natural energy and UPS), global methods of 


SMES utilization will be pursued and the possibility of application in 
space technology will also be studied. 
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5.2 Study in Long-Term Study Project Step 2 


RASMES is now studying the research activities to be started from FY94, and 
some research subjects and forms of activities have already been proposed. 
Though details depend on future discussions, RASMES welcomes frank opinions 
from readers. 


For example, there was a proposal to conduct the following activities con- 
currently: 


1. Standing sub-panels 


* SMES Design Research Sub-panel. 
* SMES Concept Research Sub-panel 


2. Project groups 


* SMES future image project 
* City SMES 
+ SMES design and evaluation pr .gram 


3. R&D Menu Planning ad hoc Group 
Preparation of menus for research commissioned from outside institutions. 


Helium Refrigeration System for Superconducting 
Electromagnetic Thrust Ship, the Yamato-1l 
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[Report in "Poster Session," by Masaaki Akamatsu, Satoshi Ito, Noriaki Shiki, 
and Junji Tsukuda, Kobe Steel, Ltd.] 


{Text} Abstract 


The superconducting electromagnetic thrust ship, the Yamato-l, the development 
of which started in 1985 by the Ship and Ocean Foundation (SOF), has recently 
been completed and it successfully completed its sea trials. The develop- 
ment, design and fabrication of the helium refrigeration system for cooling 
the superconducting magnets used in the ship were the responsibility of Kobe 
Steel, Ltd., which completed the system and installed it in the ship. The 

sea trials of the Yamato-l took about 2 months starting in June 1992. In 

this period, the helium refrigeration system was run mainly in continuous 
operation and showed the expected operation performance. 


1. Introduction 


The developmental research project of a ship with electromagnetic thrust 
using superconducting magnets at a demonstrative experimental scale was 
started in 1985 by the Superconducting Electromagnetic Thrust Ship 


30 





Development Research Committee (president Yohei Sasagawa) organized by the 
Ship and Ocean Foundation (SOF). The ship, called the "Yamato-1," has two 
electromagnetic thrust systems incorporating superconducting magnets, on its 
port and starboard sides. In this project, Kobe Steel was in charge of the 
development, design and fabrication of the helium refrigeration system for 
maintaining the superconducting magnets at a very low temperature, completed 
the system and installed it in the ship. This report is an outline of this 
refrigeration system. 


2. Basic Specifications, Configuracion 


The refrigeration system is composed of a screw compressor, cold boxes 
generating cryogenic cold, helium gas reservoirs, etc. 


The cold boxes are attached to two vacuum insulated containers (called 
cryostats) and contain turbo-expanders, heat exchangers and Joule-Thomson 
expansion valves (hereinafter called J-T valves). The helium refrigerant is 
supplied from a single compressor to the two cold boxes and cooled by the 
functions of the turbo-expanders and heat exchangers. The schematic flow 

of the system is shown in Figure l. 




































































\/ 


Figure 1. Schematic Flow Diagram 
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The refrigeration cycle of the system is the Claude cycle and it is designed 
to have a refrigeration capacity of 10 W per cold box at 4.4K without 
auxiliary cooling using liquid nitrogen. The helium refrigerant cooled in 
the cold boxes is partially liquefied by the action of the J-T valves and 
supplied to the cryostats through vacuum insulated transfer tubes. This 
supplies the superconducting magnets with cryogenic cold and absorbs their 
thermal load. 


3. Specifications of Main Equipment 


Table 1 shows the basic specifications of the system. To assure the reliabil- 
ity of the refrigeration system during the navigation of Yamato-l, the main 
equipment including the compressor and expanders use rotary machines. The 
expanders are of the turbo-expansion type using dynamic gas bearings in order 
to reduce their size and weight. The following sections describe the specifi- 
cations and features of the cold boxes and expanders. 


Table 1. Basic Specifications of Helium Refrigeration 
System Installed on the Ship 


























Item Description 
Cycle Modified Claude Cycle 
Capacity 10W (at 4.4K) without Liquid Nitrogen 
Cold Box Di ion| ¢ 560 mm X H1,326 mm 
: 
Type Mixed Flow Turbine Type with Brake Blower 
and Dynamic Gas Bearings 
Inlet Pressure Ist Stage : 1.01 MPa 2nd Stage : 0.61 MPa 
Heat Exchangers 
Type Brazed Aluminum Plate Fin Type 
Compressor 
Type Oil-flooded Screw Type (HC200-H Type) 
Capacity 5.0 g/s per Refrigerator 
|_ Discharge Pressure 1.05 MPa 





3.1 Cold Boxes 


Each of the vertical, cylindrical cold boxes has two turbo-expanders arranged 
in series, five brazed aluminum plate fin type heat exchangers and a J-T 
valve. The cold box container is made of aluminum alloy for reduced weight. 
The interior of the cold box is a vacuum to assure thermal insulation of the 
equipment inside it. The cold box also improves the heat insulation effect 
of the extremely cold section by using a radiation shield plate making use of 
the cold generated by the turbo-expander. Photo 1 shows the outside view of 
the cold box. 


The turbo-expanders using dynamic gas bearings are the main newly developed 
equipment in this refrigeration system. Table 2 shows their specifications. 
The expanders were designed and constructed emphasizing the following points: 
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1) Easy manufacturing and assembly. 

2) Easy maintenance. 

3) Good heat insulation of low-temperature section with respect to the 
normal-temperature section. 

4) High-speed rotation possibility to minimize the drop in turbine effi- 
ciency due to size reduction. 





Photo 1. Outside View of Refrigerator Cold Box 


Table 2. Specifications of Turbo-Expanders 









































Ist Stage 2nd Stage 

Iniet Pressure (MPa) 1.01 0.608 
Inlet Temperature (K) 80.0 14.0. 
Outlet Pressure (MPa) 0.608 0.127 
| Outlet Temperature (K) 73.8 10.2 
Adiabatic Efficiency (%) 42.0 50.0 
Mass Flow Rate (g/s) 3.60 

Rotor Diameter (mm) 6.00 

Rotatimg Speed (Hz) 10,600 8,000 








Figure 2 shows a cross section of a turbo-expander designed taking the above 
points into consideration. The main components which are the rotor, bearings, 
nozzle and speed controller are implemented as an integrated modular struc- 
ture, which can be taken out easily by removing the nut on the upper part of 
the casing making maintenance easy. 
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Figure 2. Cross Section of Turbo-Expander 


The turbine rotor is pencil-shaped with a diameter of 6 mm and length of 

45 mm. A brake fan is provided at the upper part and turbine impeller at 

the lower part. The rotor is made of titanium alloy for high strength, light 
weight and good heat insulation. The bearings include a herringbone type for 
the thrust bearing and spiral groove type for the journal bearing. Photo 2 


shows the rotor and bearing, and Photo 3 shows an outside view of the turbo- 
expander. 





Photo 2. Appearance of the Rotor and Bear- Photo 3. Outside View of Turbo- 
ing of Turbo-Expander Expander 
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The helium refrigerant liquefied in the cold box is transferred to the 
cryostat through the innermost tube of a vacuum-insulated transfer tube with 
a triple structure. The helium refrigerant flowing in the cryostat is 
evaporated by absorbing the thermal load of the cryostat and returned to the 
cold box through the middle tube of the transfer tube. To transfer the 
cryogenic cold generated in the cold box to the cryostat without loss, it is 
necessary to minimize the cold loss of the transfer tube. Therefore, the 
transfer tube is attached to the bottom of the cold box and the cold box 

is installed immediately above the cryostat. Figure 3 shows a view of the 
combination assembly consisting of the cold box and cryostat on the port 
side, and Photo 4 shows its outside view. 





10W Helium Refrigerator Cold Box 








| 
Liquid Helium Reservoir = 
Cryostat > / 8 
eo io 


’ 
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Figure 3. Combination of Cold Box and Photo 4. Outside View of Cold Box 
No. 1 Magnet Cryostat and No. 1 Magnet Cryostat 





























Similarly, Figure 4 shows a view of the assembly for the starboard side and 
Photo 5 shows its outside view. They are installed in the engine room of the 
Yamato-l1 and constitute its thrust system. Figure 5 shows the actual instal- 
lation in the ship of the starboard thrust system including the refrigerator 
cold box. 


3.2 Compressor 


The compressor is a single-stage oil-flooded screw type unit with a dis- 
charge quantity of 20 g/s at a discharge pressure of 1.01 MPa. The unit is 
composed of the main body incorporating a pair of screw rotors, a semi- 
hermetically sealed motor, an oil recoverer, oil separator, gas cooler and 
activated carbon extractor. To make the compressor unit compact, the main 
body is integrated with the oil recoverer and semi-hermetically sealed motor 
and the oil separation elements built in the oil recoverer are arranged con- 
centrically. Photo 6 shows an outside view of the compressor unit. 
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Figure 4. Combination of Cold Box and Photo 5. Outside View of Cold Box 
No. 2 Magnet Cryostat and No. 2 Magnet Cryostat 


























‘Liquid Helium Reservoir 
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Figure 5. Sketch Showing Position of Helium Refrigerator 
on Yamato-l 
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Photo 6. 


4. Operation Performance 


Outside View of Compressor Unit 


Before installing the refrigeration system in the ship, two refrigerators 
were test run on the land and it was confirmed that both of them, on the 
port (No. 1 magnet) and starboard (No. 2 magnet) sides have a refrigeration 


capacity of more than 10 W at a temperature of 4.4K. 


Table 3 shows the 


results of performance tests of the refrigerators as compared with the 


design values. 

















Table 3. Performance Test Results of Refrigerators 
Item | Unit | Design Value | For No.1 Magnet | For No.2 Magnet 
Mass Flow Rate | g/s 5.0 4.97 4.97 
Inlet Pressure MPa 1.01 0.97 1.00 
Efficiency of 
Turbo-expanders 
ist Stage % 42 47.3 44.2 
2nd Stage % 50 52.4 55.4 
Refrigeration 
Capacity WwW 10 at 4.4K 10.5 at 4.4 K 11.0 at 4.4K 




















After the refrigeration system was installed in the Yamato-l, the system was 
test run with the ship moored, and the expected refrigeration performance was 
confirmed as when it was tested on land. 


37 








Throughout the sea trials of the ship which lasted for about 2 months from 
June 1992, the refrigeration system was run mainly in continuous operation 
except during the excitation and demagnetization of the sup. ‘conducting 
magnets. In each run, the refrigerators could be started an stopped 
smoothly, there was no influence from rolling or pitching of the hull and 
the steady refrigeration operation was extremely stable, thereby demon- 
strating that the refrigeration system is functional enough as a system for 
the stable maintenance of the superconducting magnets of the Yamato-1 in a 
cryogenic cooling state. Photo 7 shows a view of the Yamato-l during its 
sea trials with the electromagnetic thrust system including the helium 
refrigeration system in action, photographed off Kobe Port. 





Photo 7. Sailing View of Yamato-l 


5. Conclusion 


The Yamato-1, a demonstration-scale superconducting electromagnetic thrust 
ship, was developed as the world's first "ship without a screw" and success- 
fully completed its sea trials. Kobe Steel, Ltd., was responsible for the 
development, design, fabrication and the actual operation of the helium 
refrigeration system for cooling the superconducting magnets in the thrust 
system mounted in the ship. 


The refrigeration system was run, mainly in continuous operation, since the 
launching of the ship and when it was moored until the end of its sea trials 
and it manifested the expected performance. This has made Kobe Steel firmly 
believe that the company did assume a part in the success of the marine 
navigation experiment of the Yamato-l. 


In closing, the authors of this report would like to express their deep 
gratitude toward the persons in charge at the Ship and Ocean Foundation, 
members of the Superconducting Electromagnetic Thrust Ship Development 
Research Committee and other persons concerned for their kind guidance and 
cooperation for promoting the development of the helium refrigeration system 
for the Yamato-l. 
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Design Research on SMES for Maglev Train 
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[Report in Session 2 “Element Technologies, Concept Design," by Yoshinao 
Sanada (Toshiba Corp.), Takakazu Shintomi (KEK), Shiken Tanaka (CRIEPI), 
Kazuhiko Yoshimura (Hazama, Ltd.), Kazuhiro Nishigaki (Kumagai Gumi Co., 
Ltd.), and Toshihide Nakano (Mitsubishi Heavy Industries, Ltd.) ] 


[Text] Abstract 


At the Research Association of Superconducting Magnetic Energy Storage 
[RASMES] which is conducting research for the development of applications of 
superconducting magnetic energy storage (SMES), design/research into an SMES 
device for maglev trains is being carried out considering the use of SMES in 
maglev train load leveling as an application apart from power systems. The 
maglev train SMES system has a toroidal structure with a reduced magnetic 
field influence on its surroundings, and the coil size was set assuming that 
the SMES coils are fabricated at a factory and transported by land to sub- 
stations where they will be installed. Based on the above, the coil con- 
figuration, cryostat, cooling system and assembly method were designed and 
the system configuration was studied. 


1. Introduction 


The RASMES research to develop SMES applications is considering the use of 
SMES in maglev train load leveling as an application apart from power 
systems and has started the design/research of an SMES system for maglev 
trains. 


The power supply system of a maglev train always has one power converter per 
train so that power with its frequency proportional to speed can be supplied 
to each train. To make an economical system configuration, it uses a tech- 
nique called "feeder section switching." By selecting a triple feeder system 
as the system configuration and assuming a typical train operation model 
(train speed 500 km/h, train interval 360 sec., substation interval 30 km), 
the pattern of variations in the train operating power was calculated. As a 
result, it was calculated that the maximum input power to a substation is 

50 MW per train and the maximum total for the up and down trains is 100 MW 
though this may vary depending on the timing of the operation of up and down 
trains. 


Although there are many uncertainty factors such as the train operation 
pattern and substation intervals, assuming that the SMES has a cycle effi- 
ciency of 90% and considering the number of trains of the current 
"Shinkansen" New Line railways which is around six to 10 trains per hour, we 
established the following basic specifications and started the design/ 
research of the SMES based on them. 


Converter equipment capacity 200 MVA 
Stored energy quantity 5.6 MWh 
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2. Design of Maglev Train SMES System 


2.1 Basic Design Conditions 


Presupposing that the maglev train SMES system will use a toroidal structure 
which has little magnetic influence on its surroundings and that the fabri- 
cated SMES coils will be transported by land from the factory to the sub- 

stations where they will be installed, we set the coil size to some 4 m also 


considering limitations during coil transportation. 


Also, considering the 


reduction of fabrication cost, we selected Nb-Ti/Cu and Al as the super- 
conductors and set the magnetic field at a maximum allowed so far to around 


8 T. 


Table l. 


Table 1 shows these basic conditions. 


Basic Conditions 





SMES configuration 
Stored energy 
Superconducting wire 
Max. practical field 
Aspect ratio 

Number of coils 








Toroidal coils 

5.6 MWh (2.02 x 1010 3) 
NbT1i/Cu 

8 T 

0.06 to 0.1 

60 








2.2 Electromagnetic Design of Coils 


The electromagnetic design of the coils was done based on the above basic 


SMES conditions. 


As a result, the SMES system will be composed of 60 


toroidal coils with a minor radius of 1.56 m, a major radius of 26 m and an 


aspect ratio of 0.06 as shown in Table 2. 


With the field distribution, the 


maximum practical magnetic field will be 8.3 T as shown in Figure l. 
Figure 2 shows the current variation, field variation and so on of an opera- 
tion pattern assuming four trains per hour and an SMES efficiency of 85%. 








Table 2. Coil Specifications 
Item Specifications 

Number of coils 60 
Aspect ratio 0.06 
Minor radius 26 m 
Major radius 1.56 m 
Coil cross-section 0.94 x 0.6 m 
Current value 50 kA 
Number of turns (per coil) 220 turns 
Average current density at cross-section 19.5 A/mm2 





Inductance 

Maximum experienced magnetic field 
Center magnetic field 

Stored energy 

Stored capacity 

Centripetal force (per coil) 
Expansion force 











[Continued on following page] 
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Item Specifications ] 
Conductor size 54.5 x 47 mm : 
Conductor material NbTi, high-strength Al 























Field strength (T) 
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Figure 1. Magnetic Field Distribution of Coil 



































c 
rw 
v 
ran 
5 8 
> 
ca | ns m,' (sec.) 
Oo 

+770 
38 
Mh 
B 3 
nd 

0.526 . 
as 
oe 
ao 
re 
ome 
0 5 
OY iss —e 

yao  aeeaipaneeaaeeaaninanted Average field variation | 

4o0 , During charge 8.03 x 10-3 T/s 
Bia During discharge | 2.56 x 10 ¥79 T/s 
ogi m Average 1.22 x 10-3 T/s 














215 ; 900 
1() 


Figure 2. Operation Pattern 
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As the substations where the SMES systems are installed may accommodate a 
variety of other train control equipment, we analyzed the leakage of the 
magnetic field to surrounding areas and found that it is 10 Gauss at 32 m 
from the center but drops to about 1 Gauss at a distance of 37 m. 


2.3 Conductor Structure, Coil Structure 
2.3.1 Conductor Structure 


As shown in Figure 3, the conductor has a structure in which the Nb-Ti 
formed twisted conductors are embedded in high-strength aluminum and high- 
purity aluminum is bonded to improve stability. With regard to the AC loss 
of the conductors, we studied the four AC loss conditions listed below and 
found that the AC loss is presently about 260 W per coil. As it should be 
reduced to 1/100 considering the SMES efficiency, the conductor structure 
should be designed to be capable of dealing with pulses. 


(1) Hysteresis loss of superconducting filaments. 
(2) Eddy-current loss in stabilizing material. 

(3) Coupling loss between superconducting filaments. 
(4) Coupling loss between superconducting strands. 
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Figure 3. Conductor Structure 
2.3.2 Coil Structure 


We determined the coil structure based on the basic specifications and con- 
ductor structure and confirmed its reasonableness by structural analysis. 
This analysis is done assuming the coil as a planar ring, using averaged 
values for the properties of the coil materials and with finite element code 
"NASTRAN." The structure was analyzed using two kinds of radial restraint 
conditions and under the actions of thermal load and electromagnetic force 
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after cooling. The result is as shown in Figure 4. With the stress of the 
reinforcing material converted with an equivalent Young's modulus of 
30 kg/mm2, the structure was found to be sufficiently strong. 





Circumferential = Circumferential 
stress stress 


ne" 


Figure 4. Results of Coil Structural Analysis 
(Heat + Magnetic Force) 


2.4 Cryostat Structure 


The helium container holds the superconducting coils and liquid helium 
coolant, and is accommodated in a vacuum isolated container. As the expan- 
sion electromagnetic force of the superconducting coils is designed to be 
retained by the coil conductors themselves, the load applied to the helium 
container is made up from the internal pressure and the temperature load due 
to the heat shrinkage difference between the coil and helium. Therefore, we 
adopted an aluminum alloy which presents no difference in heat shrinkage from 
the coil structure. An analysis of eddy-current loss during operation was 
performed and the results shown in Table 3 were obtained. Therefore, insula- 
tion should be provided on the periphery as shown in Figure 5 to prevent 
rotating current. 


Table 3. Eddy-Current Loss of Helium Container 








Division | Charge Discharge | Charge/discharge 
mode (W) mode (W) average (W) 
None 88. 894. 691. 
2 0.83 8.77 6.77 
4 0.75 7.97 6.16 
8 0.65 6.85 5.29 




















The radiation heat is prevented with dual thermal shields which reduce the 
thermal load on the helium system. 
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Figure 5. Helium Container Structure 


Key: 
1. (Bore of minor radius coil) 
2. Centripetal force support 


The vacuum insulating container is designed to be subjected to external 
pressure alone. Its structure is not subject to electromagnetic force or the 
coil's weight and the container's weight is reduced by the use of a plate + 
frame structure. The connections of the current leads, low-temperature 

pipes and gas pipes to the vacuum container are concentrated in the upper 
section as shown in Figure 6. 


3. Study of Limitations and Possibilities of SMES Coil Transportation 


When studying the transportation of coils in Japan, it is necessary to take 
the road conditions as prescribed by the Road Structure Ordinance (February 
1983, Japan Road Association) fully into consideration. 


Figure 7 shows the results of a study of transportation limitations and 
transportable size assuming that an SMES coil has a rectangular shape of 
5.4 mx 1.4m and that it is tilted during transportation. As shown in the 
figure, the coil may be transported if two lanes are used. 
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| Nozzle name Quantity 
Nl | Current lead 1 
N2 | Current lead 1 
N3__| Vacuum piping i 
N4_ | 4.2K x LH? inlet 1 
N5 | 4.2K x LH» outlet 1 
_N6 | 20K x GH? inlet 1 
N7 | 20K x GHo outlet 1 
N8 | 80K x LNo inlet 1 
N9 | 80K x LNo outlet 1 
N10 | Temperature and 
pressure output 1 
Nll | Safety valve 1 





Figure 6. Vacuum Insulating Container 


4. Conclusion 


As a result of study of a load leveling SMES system for maglev trains made by 
the RASMES as an SMES system other than in the train's power system and 
assuming a typical train operation model (train speed 500 km/h, train 
interval 360 sec., substation interval 30 km), it was calculated that the 
maximum input power to a substation is 50 MW per train and the maximum total 
for the up and down trains is 100 MW though this may vary depending on the 
operation timing of the up and down trains. If the load is to be leveled 
perfectly by the SMES system, the required SMES specifications should have 


the following scale. 


Stored energy quantity: 5.6 MWh (2.02 x 1010 J) 
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Figure 7. Relationship Between Transportation Limitations and 
Mounting Angle 


Key: 
1. Legal limitations 
2. Physically transportable size (1 lane) 
3. Physically transportable size (2 lanes) 


As a SMES system able to store the above quantity of energy, RASMES selected 
a toroidal SMES featuring a small magnetic field influence on its surround- 
ings, and set the coil size to around 4 m considering the land transportation 
of coils fabricated at the factory to the substations. Also considering the 
manufacturing cost, we selected Nb-Ti/Cu and Al for the superconductors, set 
the maximum practical magnetic field to about 8 T and studied its actual 
design as an SMES device. As a result, it is designed to have an aspect 
ratio of 0.06, coil minor and major radii of 26 m and 1.56 m, a current value 
of 50 kA and a toroidal structure composed of 60 toroidal coils. 


Although the reliability of the structure has been confirmed, some issues are 
still left to be studied in the future such as the necessity of pulse- 
compatible conductors and the optimum design method. 

Reference Materials 

1) RASMES: Research Report FY90, June 1991. 

2) RASMES: Research Report FY91, June 1992. 


3) RASMES: Research Report FY92, June 1993. 
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Development of Modular SMES 
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[Text] Abstract 


A superconducting magnetic energy storage (SMES) system is an easy to use, 
universal control system for power system management because it can store 
electricity with high efficiency and output and can accept inputs of effec- 
tive power and reactive power freely, and much is expected of its practical 
implementation. 


The Kyushu Electric Power Co., Inc. has been conducting research into modular 
SMES systems based on the recognition that, to increase the SMES capacity in 
the future, it will be effective to use modular configurations by grouping 
standardized SMES devices as the smallest units. In FY92, it conducted joint 
research with Kyushu University and Oita University to fabricate a prototype 
of a small-scale, modular SMES experimental system and carry out indoor 
experiments with it. The results of this research are described in this 
report. 


At the same time, this report also introduces the plan of R&D to be started 
from FY93 aiming at the early practical implementation of SMES. 


1. Introduction 


The practical use of SMES necessitates technology to increase capacity, 
improve reliability and reduce costs, and a group of universities in Kyushu 
and Kyushu Electric Power proposed the modular SMES as a method for 
achieving these aims. Basic experiments using a small-scale SMES system 
with two-module configuration were carried out in FY92, where the properties 
of SMES in a magnetic coupling condition was confirmed and it was verified 
that control operations including concurrent module control and quench pro- 
tection were possible without any problem. 


Based on the results obtained in FY92, this report also describes the 


project of developing a system controlling SMES targeting at a system 
interconnection test of the next step to start in FY93. 


2. Modular SMES 
2.1 Necessity of Modular Configuration 
To expand the capacity of an SMES system to a practical level while the SMES 


system remains in a single-system configuration, it is necessary to increase 
the voltage and current of the SMES DC circuit. 
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With the superconducting coil, the voltage increase is limited because its 
withstand voltage in present conditions in which liquid helium is used is 
only a few kilovolts, but it is relatively easy to increase the current. 

On the other hand, with the AC/DC converter, increasing the current is more 
difficult than increasing the voltage because parallel connection of multiple 
GTO elements is difficult at the present technical level. 


As seen from the above, because with present technology it would be very 
difficult to increase the voltage of the superconducting coil and the 
current of the AC/DC converter, increasing the capacity of an SMES system 
which consists of these elements to a practical level is limited if the 
conventional single-system configuration is used. 


In consequence, a measure considering the restrictions of the two elements 
are required to increase the capacity of SMES systems, and modular SMES 
system is for this. The modular SMES system has the configuration shown in 
Figure 1 and refers to the system described below. 


(1) A module is the minimum unit retaining the functions of SMES, that is 


composed of one or more groups of superconducting coils and an AC/DC 
converter for each coil group. 


(2) The modular SMES system is a system in which several modules which are 
magnetically coupled but electrically independent are connected in 
parallel and which, in total, provide the capacity required by the 
power system. 
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(a) Series connection of coils (b) Modular SMES system 


Figure 1. Configuration of SMES System 
2.2 Features of Modular SMES System 
The modular SMES system has the following advantages. 
(1) As the required SMES capacity can be assured by increasing or decreasing 


the number of modules, the SMES can be standardized so the cost can be 
reduced by mass-production of standardized items. 
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(2) The modular configuration makes it possible to avoid a failure of the 
entire system so the reliability of the system can be improved. 


(3) The units to be transported are small so transportation to the site and 
installation are easy. 


On the other hand, modularization also presents some disadvantages which make 
caution necessary in the following points. 


(4) The control should take the influences of coil's magnetism in consid- 
eration. 


(5) The uniformity between modules should be assured to provide control that 
is equivalent to a single-system configuration. 


(6) The need for current leads for each module increases the generation of 
heat. 


3. Indoor Experiments of Modular SMES System 
3.1 Experimental System 


The prototype modular SMES system has a modular configuration in which two 
SMES modules composed of two coils and one AC/DC converter system are con- 
nected in parallel, and each module can be controlled independently. Table 1 
shows the specifications and Figure 2 shows the experimental circuit. Each 
superconducting magnet is composed of four coils with adjustable gaps 
between them, and one FRP cryostat, and all of the coils are connected 
externally to allow arbitrary combinations and current leads are led out 
from each coil. Figure 3 shows the dimensions and cross-section. 


Table 1. SMES Experimental System Specifications 





Superconducting coils 


Max. current : 300 (A) 
Inductance : 2 (H) per coil (variable mutual inductance) 











Number of coils 4 

AC/DC converters 
Capacity 64 (kVA) 
Number of modules 2 


Converter elements: GTO thyristors 
Control method : PWM 











3.2 Experimental Results 


Among the results obtained from this experiment, the authors have already 
reported the "start and stop," "effective power and reactive power control," 
"stabilizing control," “mutual induction test" and “control in case quench 
occurs." 
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Figure 2. Two-Module SMES Experimental Circuit 
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Figure 3. Cross-Section of Magnet 


50 








In this report, the authors will report the results of “stabilizing control" 
and "control in case quench occurs." 


3.2.1 Stabilizing Control 
(1) Test method 


The test circuit simulates a single generator with infinite system as shown 
in Figure 4. When the switch is opened, the impedance of the power trans- 
mission line changes quickly and applies motion to the power generator. 
These motions are controlled by the stabilizing control of the two-module 
SMES system. 











Figure 4. Stabilizing Control Test Circuit 


(2) Test result 


Figure 5 shows the test results. (a) is without control, where the oscilla- 
tions of the generator last for more than 4 seconds. (b) is the situation 
under stabilizing control by SMES, showing that control is possible without 
any problem just like a single SMES system, with the two modules equally 
absorbing energy. 


3.2.2 Quench Protection Test 
(1) Test method 


By applying a quench signal to one of the SMES modules to simulate the 
occurrence of quenching and output the stored energy into the protective 
resistance, the authors made a comparison of two cases, one applying control 
to maintain the DC current of the healthy SMES constant and the other to 
change the control mode from the DC current constant control to the power 
absorption mode. 
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Figure 5. Stabilizing Control Test Result 


(2) Test results 


Figure 6-(a) shows the case in which the healthy SMES is in the DC current 
constant control mode. In the initial state, the DC current of SMES A is 
maintained at 90 A and that of SMES B is maintained at 50 A. When quench is 
applied to SMES A in this state, the SMES consumes the energy using its pro- 
tective resistance so its DC current is damped in about 20 seconds. Influ- 
enced by this, the DC current in SMES B should originally increase due to the 
mutual induction between the coils. However, since control is applied to 
regulate the DC current so that it is constant, it maintains the steady 
state by emitting power to the system. Here, AC input P, is the absorption 
of 1 kW because the normal loss of the converter and other elements is 
supplemented from the system in the initial state with an SMES DC input/ 
output of 0. 


Next, Figure 6-(b) shows the case in which the power absorption control by 
the healthy SMES is used. In the initial state, the DC current of SMES A is 
maintained at 90 A and that of SMES B is maintained at 30 A. When quench is 
applied to SMES A in this state, at the same time, the DC current of the 
healthy B is increased in order to decrease the DC current of SMES A quickly 
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by mutual induction. 


power system at the same time as quenching. 





In this case, therefore, power is absorbed from the 
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(a) In case DC current constant 
control is applied to the 
healthy SMES 


(b) In case power absorption 
control by the healthy SMES 
is used 

Figure 6. Waveforms of Effective Power and DC Current During 

Quenching of Module 


Figure 7 shows a comparison of these two cases. The damping time constant of 
the DC current of the quenched SMES is 6.38 seconds with 1) but is shortened 
to 4.55 seconds in 2), indicating that this has the possibility of effective 
utilization as a countermeasure against quenching provided that the healthy 
SMES has an energy recovery margin. 





(A) 











roe J i 3 b 


1) DC current constant control of healthy SMES 
2) Power absorption control by healthy SMES 
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Figure 7. DC Current Damping During Quenching 

Figure 8 shows the changes in energy consumed by the external protection 
resistance during quenching using a simulation based on actual DC current 
measurements. The figure shows that power absorption using the healthy SMES 
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allows the ultimate recovery of 25% more energy than the case in which DC 
current constant control is applied to the healthy SMES. 
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Figure 8. Energy Consumption of External Protection Resistance 
During Quenching 


4. SMES Development Plan of Kyushu Electric Power Co., Inc. 
4.1 Applications of SMES 


From the present power system configuration and future perspectives, there 
will be the following need from the power systems. 


(1) As the percentage of nuclear power in all power sources increases, it 
will be more and more important to assure storage of resources and a 
frequency adjustment ability. 


(2) Supply of large amounts of power over a long distance is unavoidable 
because more flexible distribution of power is expected to increase due 
to increased wide-area interconnections in addition to the normal 
transfer of power over wide areas, therefore the need for system 
stability will become severer. 


(3) With regard to power quality, the restrictions on bursts of current and 
especially large fluctuations in voltage (flickering) will be required. 


As seen from the above, the necessity of large-scale SMES systems for elec- 
trical power storage will increase in the very long term but, in the medium 
to long term, the need for SMES is for system control including system 
stabilization, frequency adjustment and to restrict voltage swings. To 
operate SMES with the actual system while meeting these needs, the capacity 
should be at least 1 to 10 MWh and the output should be in the 100 MW class. 
Figures 9 and 10 show the results of simulations in which SMES is applied to 
control short-period swinging current and flicker due to a certain load. 
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Figure 9. Simulation of Current Swing Control 
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Figure 10. Simulation of Flicker Control 
4.2 Development Target 


For the final target of SMES development which is the practical implementa- 
tion of a large-scale SMES system for load leveling (1 GW, 5 GWh class), the 
most effective and realistic step is to begin with the introduction of small- 
to medium-scale SMES systems in the power system, verify their effects and 
reliability and increase capacity while solving problems of technology and 
cost. Therefore, the target for the present is to develop an SMES system 
with a large MW power compared to its storage capacity. 


For the scale of the present development, the authors considered it as the 
first step toward the practical implementation of a system controlling SMES 
in the future and selected the minimum capacity which allows the verifica- 
tion of the required development issues through interconnection with a power 
system (1 MW, 1 kWh). 


The storage capacity and power output of the SMES system developed on the 
present occasion are located at the geometric average point between the 
national pilot plant and the SMES system for indoor experimentation by 
Kyushu Electric Power. This is the optimum scale to reflect the results of 
research in the national project. Once the effectiveness and reliability of 
SMES can be verified by the national pilot plant, the minimum implementation 
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scale at the system of Kyushu Electric Power can be extended by 10 times 
above its present scale, and the introduction of modular technology is 
expected to advance SMES greatly toward early implementation. 
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Figure 11. SMES Development Steps 
4.3 Modular SMES Development Plan 


The main specifications of the SMES to be developed on the present occasion 
are as shown in Table 2. The most important feature in the hardware is the 
toroidal SMES structure with modular configuration. The development topics 
and items to be verified include design to minimize costs, the verification 
of reliability by connecting the SMES to a substation, the establishment of 
the optimum control method with modular configuration and so on. 


The development schedule is as shown in Table 3. After about 3 years of 
design and prototyping, system interconnection is scheduled for FY96. 
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Table 2. SMES Main Specifications 





Maximum stored energy 1 kWh (3.6 MJ) 

Maximum converter output 1 MW 

Number of modules 2 

Magnet type Toroidal 

Number of element coils 6 

Magnet cooling method Immersed cooling system 

Converter system Current type, self-exciting GTO converter 














Table 3. SMES Development Schedule 





























Item FY93 FY94 FY95 "FY96 FY9? 

(1) Development Equipment 
of system System Equipment prototyping & 
controlling | design design installation 
SMES (1 kWh, + «+ >_ + > 
1 MW) 

(2) Intercon- System Evalua-~ 
nection testing tion 
test with + > +-—*> 
actual 
system 


























5. Conclusion 


This report described the study into the modular configuration with low cost 
and high reliability as a method to increase the capacity of SMES systems, 
and it clarified that, from the results ot the experiment using a small- 
scale SMES experimental system, control is possible without any problems. 


In the future, the authors will make use of the results obtained up till 
now and continue studying the practical implementation of SMES aiming at 
developing a controlled modular SMES system as the next step. 
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Development of 400 Kilo Joule SMES Coil 


946C2010G Tokyo CHODENDO DENRYOKU CHOZO SHISUTEMU in Japanese 14 Jul 93 
pp 151-156 


[Report in Session 2 "Element Technologies, Concept Design," by Toshihide 
Nakano, Takayuki Irie, Makoto Fujiwara, and Kazuyoshi Hayakawa 
(Mitsubishi Heavy Industries, Ltd.), Seiichiro Terai and Eiji Haraguchi 
(Kansai Electric Power Co., Inc.), and Yoshishiye Murakami (Osaka 
University) ] 


[Text] Abstract 


SMES systems used in power systems are expected to have various functions. 
Particularly, in case the SMES system is used for system stabilization, it 
should be capable of charging and discharging energy freely according to the 
requirements of the power system. With small-scale SMES systems, especially, 
the magnetic field is largely variable and the superconducting coils are 
exposed to various problems such as AC loss and heat. Therefore, the 
authors fabricated and tested a prototype 400 kJ coil in the course of the 
development/research into the coil system of a 2.4 MJ class toroidal SMES 
system. As a result, it was confirmed that the AC loss can be very low, at 
0.01% of the stored energy, with an excitation rate of 1 T/s. 


l. Introduction 


We started the development of a 2.4 MJ class toroidal SMES in FY88 and have 
been conducting research into the system design, wire selection, cooling 
structure, insulating structure and coil elements such as the FRP container. 
We recently fabricated, tested and evaluated a 400 kJ coil and the results 
are described in this report. This plan is part of the joint research of 
Kansai Electric Power Co., Inc. and three other firms (Mitsubishi Heavy 
Industries, Ltd., Mitsubishi Electric Corp., and Sumitomo Electric Indus- 
tries, Ltd.) under the guidance of Osaka University. 


2. Design Condition, Basic Plan 

2.1 Overall Plan 

Table 1 shows the design specifications. To reduce the overall power loss 
through the use of low current (350 A), we selected a toroidal system with 
six coils of which reduce magnetic field leakage. 

Based on the above conditions, the coil dimensions and other parameters 


were determined by a parameter survey, the results of which are shown in 
Figure l. 
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Table 1. Design Specifications 





System overall 






































specifications 
Stored energy 2.5 MJ 
Coil type Toeroidal 
Number of coils 6 
Max. experienced field 5T 
Current 350 A 
Coil parameters 
Coil major radius 0.9 m 
Coil minor radius 0.165 m 
Magnetomotive force 1.52*106 aT 
Central magnetic field 4T 
(Tt), (MAT) (aa) 
1.@ 80 ashe a 
x “—, s 
esos 1. thw 70 eee ae 
ae (5) >. ee 
o +h 1.360 cone call - 
ev udh <@ . 
j 1. 5 9 $0 * a Pa 
ae be . Ps ws 
g 1.4840 “pe. - (7) 
e [8 bals30 A <i tet 
(1) PE oS i 
4.08 1.2) 20 
(2) 3) 1 
0. 30 0. 35 0. 40 0.45 


Aspect ratio 
(single coil) 


Figure 1. Results of Parameter Survey 


Key: 
1. Maximum magnetic field on record 5. Max. magnetic field on record 
2. Magnetomotive force (/coil) 6. Magnetomotive force 
3. Coil inner and outer diameters 7. Coil inner diameter 
4. Coil outer diameter 


2.2 Design Condition of Low AC Loss Coil 


Assuming that the excitation rate and AC loss are to be set for each coil, 
we surveyed past manufacturing records in Japan and defined the specifica- 
tions of the target SMES for system stabilization as shown in Table 2. 
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Table 2. Pulse Coil Manufacturing Achievements in Japan 





Max. 





Storage Excitation 
Purpose capacity ery eine AC loss 

Electrotechnical 

Laboratory [ETL] | Energy transfer 4 MJ 6 T 6 T/s 0.1% 
Electrotechnical 

Laboratory [ETL] | Energy transfer 3 MJ ~ 4 T/s - 
Japan Atomic 

Energy Research 

Institute 

[ JAERI] Nuclear fusion 40 MJ 7T 7 T/s 0.06% 


Plasma Research 
Institute, Nagoya 
University Nuclear fusion | 0.17 MJ 4T 314 T/s 0.3% 

Japan Atomic 
Energy Research 
Institute 
[ JAERI} Nuclear fusion 4 MJ 6T 0.8 T/s 0.04% 





Target specifica- 
tions SMES 0.40 MJ 5 T 10 T/s 0.05% 


























3. Design, Study 
3.1 Analysis Results 


We carried out electromagnetic analysis and quench analysis to prepare for 
the coil design. 


(1) Electromagnetic analysis 

An electromagnetic analysis was conducted to obtain the electromagnetic 
specifications and load condition required for coil design as shown in 

Table 3. The calculations were made using CIRTOF codes for three cases, with 
a single coil, 3-partial torus and full torus. 


Table 3. Electromagnetic Analysis Results 








coe Single-coil Full-coil 
specifications specifications 
Inductance 6.52 H 40.8 H 
Center magnetic field 3.96 T 4.0 T 


Electromagnetic force 





Centripetal force 0. MN 0.06 MN 
Expansion force 3.03 MN 3.32 MN 
Axial compression force 1.09 MN 1.08 MN 
Inter-coil force 0.05 MN (partial torus) 
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(2) Quench analysis 


Table 4 shows the results of calculations using the QUENCH code of the maxi- 
mum temperature and maximum voltage in case quenching occurs in a coil. The 
results also take into consideration the recovery mode to the power source 
and that the temperature rise to about 200K in the worst insulation condition 
does not cause the problems such as the coil blow. 


Table 4. Quench Analysis Results 








Tele Cooling Heat insulated 
condition condition 
Max. temperature 60 K 206 K 
Max. voltage 758 V 1330 V 

















3.2 Element Research 


For the wire properties, cooling properties and insulation structure, we 
carried out element research before coil fabrication in order to identify 
the performance cf the designed and studied specifications and structure 
with respect to the target specifications. 


(1) Wire property 


The critical properties were set so that the operating current is 65% of the 
critical current at the section of the magnetic field-critical current curve 
of the wire and the load line. 


With regard to the AC loss, we prepared four kinds of wires with similar 
specifications, measured the hysteresis and coupling loss of each and 
determined the final specifications by comparing the measured results with 
calculated results. The results of this research are shown in Table 5. 


Wires A, B and C were sampled from the same lot and the filament diameters 
and twist pitches can be compared. Their matrix ratios can be compared 
with wire D. What should be noted here is that the effective filament 
diameter ratios of wires A and C increase as the diameters decrease. This 
is due to what is generally called the proximity effect of the filament, and 
becomes significant when the filament diameter is below the order of few 
micrometers. 


Based on the data on wire C, the specifications of the actually used wire 
were obtained from the following formulae. 


Target hysteresis loss 
Actual hysteresis loss 





Filament diameter = * Actual filament diameter (1) 





Target coupling loss 


Actual coupling loss * Actual twist pitch (2) 





Twist pitch = y 
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Table 5. Wire Property Test Results 
Wire type A B C D | 
Wire diameter (mm) @ 0.701 @ 0.701 @ 0.311 0.785%0.397 
(rectangular) 
Filament diameter (um) 3.89 3.89 1.53 6.0 
Twist pitch (mm) 15.7 25.6 15.7 8.0 
Matrix ratio (SC/Cu/CuNi) 1/0.37/2.9 }1/0.37/2.9 }1/0.37/2.9] 1/1.31/0.42 
Hysteresis loss (kW/m3) 10.3 10.65 6.65 27.5 
Coupling loss (kW/m~”) 5.57 22.3 7.48 23.9 
Effective filament diameter 
ratio 1.05 1.16 1.78 1.73 
Coupling time constant 
(msec) 0.033 0.14 0.047 0.18 























Effective filament diameter ratio = 


Filament diameter calculated from 


hysteresi 


s loss 





Geometric filament diameter of wire 


Table 6 shows the final specifications of the wire and Figure 2 shows a 


photograph of the cross-section of the wire. 


loss, evaluation at the wire level showed the expected result. 


With regard to the target AC 








Table 6. Wire Specifications (Final) 
Item Specifications Measurement 

Filament diameter (ym) 1.86 1.86 
Twist pitch (mm) 3.8 3.9 
Strand diameter (mm) 0.37 0.369 
Conductor size (mm) 1,123.85 1.1%3.87 
Critical current (A) at 5 T More than 1000 1300 
Critical current (A) at 7 T More than 550 772 
Hysteresis loss (kW/m?) 8.0 8.7 
Coupling loss (kW/m3) 2.1 2.3 

















(2) Cooling properties 


Using a dummy wire, the wire was used to heat liquid helium and the test 
results shown in Figure 3 were obtained from the input heat quantity and 


temperature rise during heating. 


This result leads to the conclusion that 


cooling is possible even when there is steady heat generation due to AC loss 


(10 kW/m3). 


the tests also led to favorable results. 
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When the cooling channel angle is varied to 0°, 45° and 90°, 
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Figure 2. Cross-Sectional Photo of Wire 
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Figure 3. Cooling Property Test Result 


Key: 
1. Angle 0° 3. Angle 90° 
2. Angle 45° 4. Glass tape thickness 


(3) Insulation structure 


Figure 4 shows the insulation structure that was adopted. The insulating 
material is basically two or more Kapton sheets. Glass tape and G-10 are 
used as insulating materials as well as cooling spacers. The insulating 
material thickness is designed so that the insulation strength of G and He 
can be utilized even when a Kapton sheet is torn. The withstand voltage 
when loaded by electromagnetic force was also confirmed in the element test. 
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(wrapped at 0.2 mm intervals) 
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Figure 4. Insulation Structure 
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4. Prototyping, Testing 


Based on the above design and element tests, we fabricated a coil and tested 
its performance. Figure 5 shows the external view of the prototype coil. 





Figure 5. Photo of External View of Prototype Coil 
4.1 Test Equipment 


Figure 6 shows the test equipment. The power supply equipment is either a 
low-voltage supply (500 A/8 V) or high-voltage supply (350 A/500 V). Due to 
equipment limitations, we could not test above the excitation rate of 1 T/s. 
The cooling is provided by an 80 1/h helium refrigerator. 


4.2 Test Results 


We tested the performance of the coil through identifying the center mag- 
netic field, inductance, AC loss, continuous operation performance and 
properties during cut-off. Throughout this series of tests, the coil could 
operate without a single quenching. 


(1) DC excitation test 


Using the low-voltage power supply (500 A/8 V), the coil was excited up to 
the rated current at an excitation rate of 5 T/400 s. When the center mag- 
netic field was measured, the actual measurement was almost equal to the 
planned value as shown in Table 7. 


(2) Inductance evaluation test 
The inductance was calculated from the voltage generated across the coil 


under DC excitation and the current variation rate during this time. The 
measurement was almost equal to the planned value as shown in Table 7. 


64 








(1) | 8& 88 #& dt 
























































= 
(4) (1) 
6 
PHA st | (5 i001 mi (8) 
5 LHe?29 ee 
























































airs-fe (9) 


Figure 6. Test Equipment 


1. =~ Voltage - Magnetic field - Distortion - Temperature 
2. Power supply 

3. He gas recovery line 

4. Cryostat 

5. Vacuum pump 

6. 1000 1 LHe Dewar flask 

7. Helium liquefaction refrigerator 

8. Purifier 

9. Pure gas curdle 


Table 7. Test Results 








Planned value Measured value 
Center magnetic field 3.96 T 4.09 T 
Inductance 6.6 H 6.57 H 
AC loss (Note) 6.2 W 5.6 W 

















(Note) During 1 T/s run. 
(3) Continuous fluctuation test 


Using a high-voltage supply (350 A/500 V), the coil was excited 1,000 times 
continuously at an excitation rate of 1 T/s. The results are shown in 
Figure 7. When the AC loss of the entire coil was measured from the differ- 
ences in the liquid helium evaporation quantity and generated heat, the 
actual measurement was almost equal to the planned value as shown in 

Figure 8 and Table 7. Even when continuous pulse excitation was performed 
1,000 times, it was demonstrated that there was no problem in the coil's 
behavior and safe operation was possible. 


(4) Forced cut-off test 


During rated power supply, the power supply was forcibly cut off so that 
energy would be dumped in the protective resistance (3 ohms). At this time, 
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a voltage of 1,000 V was generated by the coil, but there was no change 
which could cause a problem in the insulation properties, demonstrating that 


the coil has a withstand voltage of more than 1,000 V. 
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Results of Continuous Fluctuation Test 
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5. Evaluation 
The coil has the following features which reduce AC loss. 


(1) A wire element test was carried out to determine the filament diameter, 
twist pitch, etc. of the wire. 


(2) To make the interlayer cooling channel path and to assure the cooling 
channel, double pancake winding was adopted. 


(3) G-10 + Kapton sheets were inserted between each layer and Kapton tape 
was applied between each turn to improve insulation. The insulating 
material is also used as the cooling channel spacer, and the insulating 
material thickness has been set considering the insulation strengths of 
G and He. 


(4) A GFRP helium container was adopted to reduce eddy-current loss in the 
container. 


Figure 9 shows an external view of the cryostat accommodating the fabricated 
superconducting coils. 








Figure 9. External View of Cryostat 
Current excitation tests were carried out to evaluate the following items: 
1) DC excitation characteristics; 2) inductance; 3) continuous swing proper- 


ties. 
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As these tests proved that the center magnetic field, inductance and AC loss 
were exactly as intended, a continuous swing test for 3 hours (1,000 pulses) 
was possible without a single quenching and the health of the coil with 
respect to its design and manufacturing was fully confirmed. 


6. Conclusion 


The tests carried out on this occasion provided results that can fully meet 
the targets. Because heat generation is an important factor for SMES in 
general, in the future, we are planning to study the reduction of the gen- 
eration of heat and proceed with development with the overall aim of 
improving efficiency. 


Finally, we would like to express our deep gratitude to the Ogasawara Labora- 
tory of the Faculty of Sciences and Engineering, Nihon University, for 
cooperation in the wire AC loss measurement. 
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High-Strength, Non-Magnetic Steel at Cryogenic Temperature 
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[Report in Session 2 “Element Technologies, Concept Design," by Kiyohiko 
Nohara, Kawasaki Steel Corporation. Tables and figures are not numbered in 
source] 


[Text] Abstract 


Efforts have been made considering various technical aspects aimed at imple- 
menting technology to apply superconductivity in high-voltage electricity 
systems. The development of cryogenic structural materials for use with 
superconducting magnets in accelerators, nuclear fusion systems end SMES 
systems is a part of these efforts. The properties required of them are 
high strength and non-magnetic characteristics. This report describes some 
results related to high-manganese and stainless austenitic steels which 

have been developed to meet these requirements. 


1. Introduction 


"Non-magnetic steels" can be regarded to be categorized as magnetic materials 
(materials for electromagnetic use) otherwise known as high-Mn steels, an 
example of which is Hadfield steel. However, due to its excellent wear 
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resistance and shock resistance, Hadfield steel is also used in applications 
other than non-magnetic applications, for example in civil engineering equip- 
ment and railway points and crossings. Austenitic stainless steel can also 
be regarded as a non-magnetic steel but it has been used in applications 
focusing on its corrosion resistance and its non-magnetic characteristics 
have hardly been considered. As a result, there are few examples in which 

it was considered or studied based on the material classification "non- 
magnetic steel." 


Meanwhile, as developmental research into equipment utilizing strong mag- 
netic fields such as accelerators, MHD power generators and maglev trains 
have been advancing recently in association with the application of super- 
conductivity, the necessity of "non-magnetic steel" has increased focusing 
on materials for use mainly in non-magnetic applications such as "high-Mn 
non-magnetic steel." From the meallographic viewpoint, all of these mate- 
rials have austenitic single-phase at normal temperature after annealing 
and, with regard to their magnetic mechanisms, present (ultra-) paramagnetic 
er antiferromagnetic behavior. Their relative permeabilities which are 
regarded as the general reference point of "non-magnetic properties" are 
below 1.02 and each of them contains a large quantity of rare metals. 


2. High-Mn Non-Magnetic Steel 


Non-magnetic steels are attracting strong attention again in recent years. 
This is because, as described above, when the wide range of applications of 
superconductivity shown in Figure 1 are implemented in the near future, non- 
magnetic steels will be indispensable as materials supporting future tech- 
nology and a large demand is therefore expected. The non-magnetic steels 
used in equipment applying superconductivity (especially ferromagnetic field 
applications) should have a stable austenitic phase down to cryogenic 
temperatures (4.2K) unlike conventional steels. It is also desirable that 
they have high cryogenic strength, sufficient tenacity, sufficient fatigue 
resistance and low thermal expansion. In addition, their usability (in the 
atmosphere at room temperature) in cutting, punching, welding and so on 
should also be good. It goes without saying that economy (material cost) is 
also an important factor to be taken into consideration. 


Taking these facts into consideration, people have started to make efforts 
to develop advanced high-Mn steels. Similar R&D is also being conducted in 
Europe and the United States, but Japanese iron and steel manufacturers 
started before other countries and have achieved actual results. 


In consequence, what made its appearance as a newly developed high-Mn 

steel was high-Mn austenitic non-magnetic steel containing little carbon 
(below 0.2%) and more than 25% of Mn and nitrogen. The noticeable increase 
of the Mn content compared to conventional steels (Hadfield steel, 18% Mn 
steel) is for the following reasons: 


1) Since Mn is an austenite stabilizing element, increased Mn content 

can reduce the specific permeability at cryogenic temperatures and can also 
decrease the temperature and machining dependences, and thereby increase 
magnetic stability. 
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Chemical Composition 


Steel Cc Si =f ‘Mn P s Cr Ni 
KHMNI8 |0.4~0.8] $1.0 | 16~22 | 50.04] 50.06 | 410 - 
KHMNSOL| 30.4 | 31.0 | 26~32 | 50.04 | 50.06) 510 - 
Hadfield 1.0 0.5 13 0.02 0.01 -~ - 












































ste! Jaisisoa | 0.06 | 0.5 | 1.0 | 0.02 | 0.01 | 18 9 
* Special components such as Al, N, V, Nb and Ca are some- 
times added. 


Mechanical Properties 










































































PS TS |e] ve | PS TS Jel] ve PS 
Steel kgf/mm? | kgf/mm? | % | kgf-m | kgf/mm'| kgf/mm? | % | kgf-m | kgf/mm 
‘KHMNI8 42 96 162) 20 88 191 | 28 9 | 110 
KHMN steel 
KHMNSOL| 29 62 | 68] 21 62 15 9 «1:77 16 102 
Conventional | Hadfield 36 101 - | 58 19 79 94 3 i 90 
steel AISI 304 25 58 | 60| 18 25 190 135) 14 35 
Physical Properties 
B t wo d » P 
Steel K | x10-7o | 10'kgt/mmt | Cal/em-sec-deg| g/cm? | uQ-cm 
KHMNI8 | 1.002 | 15.0 1.93 0.040 7.76 74.2 | 1.004 
KHMN steel 
KHMNSOL | 1.002 112.8 1.72 0.032 7.73 84.8 | 1.002 
Conventional | Hadfield | 1.008 | 18.6 2.05 0.032 7.77 71.1 1.006 
steel AISi304. | 1.006 | 17.3 1.97 0.039 8.03 72.0 | 1.018 





























: Magnetic permeability 
Thermal expansion coefficient 
Young's modulus 

Thermal conductivity 

Density 

Electric conductivity 
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2) The ductility-tenacity transition temperature is low with a Mn content 
of around 28% (Figure 2). 


3) Increasing the Mn content decreases the coefficient of thermal expansion 
and improves machinability. 


4) It is lower priced and more economical than Ni. 


Now, let us deal with high-Mn steels which have been developed considering 
the above and which are being used in superconducting magnets of synchrotrons. 


Table 3 shows their chemical compositions. The C content is made as small as 
possible to improve workability while they contain about 7% Cr to add 
strength and rust resistance, and N is added to increase the cryogenic yield 
strength (Figure 3). The concentrations of P, S. 0, Al, Ca, etc. are con- 
trolled from the viewpoint of hot workability. Figure 4 shows the temperature 
dependence of the relative permeability of the material at 4 to 390K. The 
figure shows data for Ni-Cr austenitic stainless steel (316LN) and Ni-Cr-Mn 
austenitic stainless steel (Mn-SS) for comparison, and the characteristics of 
newly developed high-Mn steels are shown here clearly. Ty in the figure 
refers to the Neel temperature ((ultra-) paramagnetism-antiferromagnetism 
transition temperature), which is variable between materials. It has been 
found that, within the category of high-Mn steels, there is an interesting 
relationship between the Ty and the linear thermal expansion coefficient 
(room temperature), Bry, as shown in Figure 5. As it has also been found 
that both the Ty and Bry can be expressed as linear functions of the compo- 
sition, this suggested that the relationship may be applicable in the design 
of alloys. 


As seen from the above, high-Mn steels are expected to be increasingly used 
as superconducting, cryogenic non-magnetic steels thanks to their excellent 
magnetic properties (stability). Some promising examples of applications 
include the superconducting magnets of accelerators and the coil support 
materials of NMR systems for medical diagnosis. 


Other important features are the stability in workability of their magnetic 
properties, which allows the strength to be controlled easily while main- 
taining low permeability. At the same time, they also have some problems in 
fabrication (the reactions between Mn and refractories, production of Mn 
fame [phonetic], hot workability, etc.) but efforts are being made to solve 
these problems. When high-Mn steel is subjected to plastic deformation in 
liquid He (4.2K), an inherent serration phenomenon (serrate plastic deforma- 
tion behavior) occurs as shown in Figure 6. As shown in this figure, this 
phenomenon is closely related with the change in temperature of the test 
piece. Though this phenomenon is interesting theoretically, it must be taken 
into consideration because it is not desirable in practice. 
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3. New Austenitic Stainless Steel 


Due to the above circumstances, the use of conventional austenite stainless 
steel as a non-magnetic material is not its original purpose but just a 
diversion utilizing some of its properties. It is expected to be replaced 
by other materials sooner or later. 


Meanwhile, with some technologies utilizing superconductivity such as nuclear 
fusion equipment, NMR diagnosis equipment and the superconducting magnets of 
accelerators, a strong need has emerged to develop non-magnetic steel with 
high strength and corrosion and rust resistance. Typical examples of this 
are the toroidal and poloidal collars for use in tokamak type nuclear fusion 
reactors. 


In the rest of this report, we would like to describe a little about examples 
of newly developed non-magnetic materials of superconducting magnets used in 
nuclear fusion reactors. In this case, the cryogenic yield strength (cy) 
should be high (cy > 1200 MPa) due to the magnet design requirements, the 
cryogenic failure characteristic values (vE, Kyc) should be high 

(vE > 100 J, Kzc > 100 MPa/m) because the magnet will be a plate with a thick- 
ness of more than 100 mm, and these contradictory requirements should be 
fulfilled simultaneously. Naturally, the relative magnetic permeability (u) 
at cryogenic temperatures should be y < 1.02. And the possibility of electron 
beam welding of thick material is also an important point. 


The starting material used as the basis was existing 316 series material. 
The alloy design was based on the following concepts: 


1) The C content should be reduced to improve cryogenic tenacity as well as 
the weldability and workability. 


2) N should be added so that N = 0.1 to 0.3% to improve the cryogenic yield 
strength. 


3) It is highly probable that compound semiconductor Nb3Sn will be used in 
toroidal coils of future to obtain a ferromagnetic field of more than 
8 Tesla, the degradation of cryogenic tenacity after the precipitation 
heat treatment (700°C x 200 h) (which corresponds to sensitization) for 
the wind-and-react effect should be reduced. It has been identified that 
addition of V is effective for this purpose. 


Figure 7 shows the relationship between vE and oy before and after Nb3Sn 
precipitation treatment of samples of various new materials (base material 
and electron beam welded material, V-added materials). The f*7ure shows 
that all of the samples are inside the domain which satisfies vE > 100 J and 
oy > 1200 Pa (JAERI [Japan Atomic Energy Research Institute] box) and that 
the tenacity drop of materials to which V has been added can be well con- 
trolled even after the precipitation heat treatment of Nb3Sn at 700°C x 200 h 
for the wind-and-react effect. 
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Composition of Developed Materials 
























































Category C Si | Mn {Cr | Ni | Mo N V Other 
Ni 0.01 18- 12- 0.2 0.1 
% | series |-0.03 | 0 0.5} 26] 16] 1.0] -0.4]-1.5 
Sal . 
te 
& | Mn 0.01 0 4- | 18-] 6- _ | 0.2 [0.1 Al = 0.04 and/or 
“ sometimes added 

o | F (Ni 
4 | series)}0.02 | 0.2]0.5] 20] 14] 1.0] 0.20] 1.0 
f C (Mn 

Preliminary names given by JAERI: Ni series: JCS-JKAl 

: Mn series: JCS-JKA2 


(JCS = Japan Cryogenic Steel 
JKA = JAERI + KAwasaki Steel) 
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category |,2%2| TS | Ee |-RA| E | vE “a Hu 
(MPa)|(MPa)] (%) | (%) |(GPa)} (J) |(MPa/m) 

vie RT| 510] 820] 54 | 60 | 220 | 280 | — | 1.002 
series)| 4K | 1420 | 1603] 35 | 44 | 224 | 160 | 226 | 1.007 
aii RT| 530} 800} 57 | 62 | 210 | 250 | —— | 1.002 
series)| 4K | 1380] 1706 | 29 | 38 | 211 | 186 | 227 | 1.005 
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Photo 5 [not provided] are the electron micrograph and EDX image of the 
precipitate after heat treatment extracted by the extraction replication 
technique, showing an example of research into the specific results of the 
addition of V. As shown in the photos, there are great differences in 
morphology between the materials to which V has been added and to which V 
has not been added; large precipitates are aggregated on the grain boundaries 
of material to which V has been added and fine transgranular precipitation 

is observed with material to which V has been added. The precipitates in the 
material without V are Cr carbide and those in the V-added material are 

V carbide. It is regarded that the degradation in the cryogenic tenacity 
after heat treatment which is the main cause of grain boundary failures can 
be reduced because the precipitation and aggregation of Cr carbides at the 
grain boundaries has been reduced due to a difference in affinity of V and Cr 
with respect to C caused by the addition of V. 


4. Conclusion 


(1) Structural materials (steel materials) for use in superconducting 
magnets at the core of technologies utilizing superconductivity should 
have high strength, non-magnetic characteristics and high tenacity at 
cryogenic temperatures. It is also desirable that the coefficient of 
thermal expansion is controllable. 


(2) The newly developed high-Mn austenitic steels have inherently high 
magnetic stability because of the low Neel temperature. Therefore, 
their strength can be increased by thermal refining while maintaining 
their non-magnetic characteristics and the thermal expansion coeffi- 
cient is also controllable to a certain degree. 


(3) With the newly developed austenitic stainless steels, the balance 
between the cryogenic strength and tenacity could be improved greatly 
through constituent design. And the addition of V allows to reduce the 
degradation in the elongation tenacity due to the wind-and-react effect. 


Development of Element Technology for Superconducting Coils 


946C2010I Tokyo CHODENDO DENRYOKU CHOZO SHISUTEMU in Japanese 14 Jul 93 
pp 187-194 


[Report in Session 3 "Survey on Developments of Element Technologies of 
Superconducting Magnetic Energy Storage Systems," by Hajime Sato (National 
Institute for Fusion Science, Ministry of Education), Yoshio Ohashi (Chubu 
Electric Power Co., Inc.), and Tamejiro Endo (Tohoku Electric Power Co., Inc.] 


[Text] Abstract 
We surveyed and conducted research into superconducting coil and quench pro- 


tection as element technologies required to develop a SMES pilot plant (power 
storage capacity of 100 kWh class, output 20 MW). 
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As superconductors, we selected four materials of three systems including the 
immersion cooled NbTi system, forced cooled NbTi system and forced cooled 
Nb3Sn system (single conduit and double conduit). We identified the techni- 
cal problems to he overcome through designing the superconductors and 
superconducting coils and fabricated four short-section prototypes of con- 
ductors to be subjected to characteristic testing. 


With regard to quench protection, we surveyed existing technologies to find 
applicable detection and protection methods and designed a quench protection 
system to study the basic specifications of the component equipment. As a 
result of our study into the relation between the coil temperature after 
quenching and the current cut-off delay time, we clarified that coils in the 
immersion cooled and forced-cooled NbTi systems can be protected with a rated 
current of 20 kA. 


In the future, we will choose a single coil material by evaluating the charac- 
teristics of the conductor prototypes and will conduct quench protection 
studies through development of the elements of the fluid method and accessory 
equipment such as filter circuitry and protection resistance. 


1. Introduction 


This report summarizes the results of studies we made up till now into the 
superconducting coil and quench protection, which are some of the element 
technologies required for developing the SMES pilot plant, specifically the 
design of superconducting coils, prototyping of superconducting conductors 
and the quench detection and protection systems. The superconducting coil 
is the responsibility of Chubu Electric Power Co., Inc., and quench protec- 
tion is the responsibility of Tohoku Electric Power Co., Inc. 


2. Superconducting Coils 
2.1 Basic Design Specifications of Superconducting Coil and Conductor Systems 


The superconducting coil for the SMES was designed emphasizing stability and 
the reduction of AC loss. 


(1) Basic design specifications 


Based on the general consideration of the development target which is an 
SMES pilot plant with an available storage capacity of 100 kWh (360 MJ) and 
an output of 20 MW as well as functions of an AC/DC converter, we set the 
basic specifications of the superconducting coil to a maximum storage 
capacity of 480 MJ, rated current of 20 kA, self-inductance of 2.4 H and 
withstand voltage of 3 kV or more. 


(2) Conductor systems 
As a result of comparative study of stability, AC loss, mechanical strength 


and reliability of the superconducting coils and the possibility of scale 
expansion to a medium-scale SMES system, we selected immersion cooled NbTi, 
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forced cooled NbTi and forced cooled Nb3Sn as the three systems to be 
studied. The major technical issues of each of these conductor systems are 
as follows. 


(1): The immersion cooled NbTi system has been widely used in past super- 
conducting coils and stabilization technology is advanced, but the 
technology for SMES superconducting coils should be established aiming 

.at reducing the AC loss and securing the mechanical strength. 


(2) . The forced cooled NbTi system requires stability to be improved. 


(3) .The forced cooled Nb3Sn system is expected to provide highly stable 
superconducting coils but its fabrication technology must be improved. 


2.2 Design of Superconducting Conductors 


To make full use of the features of the candidate conductors in designing the 
superconducting coil, we performed optimum designs individually for each of 
them. Specifically, we designed each superconducting coil to be composed of 
12 element coils arranged in a toroidal shape and determined the major speci- 
fications of superconducting coils including the size and maximum magnetic 
field recorded through a parameter survey considering the possibility of 
integrated transportation of element coils and the small quantity of wires 
used. Table 1 shows the specifications. Based on these specifications, we 
designed the conductors described below and fabricated short-section proto- 
types to be subjected to testing. 


(1) Immersion cooled NbTi system 


A metastable design with a stabilization index of 1.16 has been achieved by 
incorporating high-purity aluminum in the stabilizing material. 


From the basic design specifications, we designed the coil with a rated 
current of 20 kA, maximum magnetic field recorded of 4.3 T, magnetic field 
variation rate of 0.14 T/s, liquid helium temperature of 4.3K and the criti- 
cal current margin (ratio between critical current value and rated current 
value) of 2. The critical current density of NbTi is 2200 A/mm? (4.3 T, 
4.3K). 





To reduce AC loss, the liquid helium container and coil bobbin are made of 
GFRP and the conductor itself is provided with mechanical strength. There- 
fore, strcads of conductor are incorporated in the portal reinforcing 
material. 


The superconducting wire with a diameter of 1.4 mm is fabricated by the double 
stack method, by forming primary stacks using 37 4.3 um NbTi filaments and 
forming the secondary stack with 930 primary stacks. The external jacket of 
the superconducting wire is made of Cuz 9Ni with a thickness of 70 um to reduce 
the coupling loss between superconducting wires. 
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Table l. 


Superconducting Coil Specifications 
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Forced Forced 
Immer- cooled cooled 
sion Forced | Nb3Sn Nb3Sn 
Sym- cooled | cooled | (single (double 
Item bol Unit NbTi NbTi conduit) | conduit) 
Aspect ratio of coil Ot 0.045 | 0.095 0.101 0.062 
windings B 0.46 0.46 0.49 0.59 
Coil minor radius a m 1.80 1.53 1.58 1.71 
Coil major radius R m 3.9 3.3 3.2 2.9 
Coil thickness 2t m 0.16 0.29 0.32 0.21 
Coil height in axial 
direction h m 0.66 | 0.47 0.35 | 0.34 | 
Coil outermost radius Rmax | m 5.78 4.97 4.94 i 4.72 
Coil innermost radius Rmin | m 2.02 1.63 1.46 i: 1,09 
Center magnetic field T 
(center of radius a) H m 3.76 3.34 3.48 ; 3.63 
_Maximum magnetic field Dmax | m 11.56 | 9.94 9.88 ' 9,44 
' Coil average current 
| density Dmin | m 4.04 3.26 2.92 2.18 
, Load factor on load 
_ line BO T 2.0 2.63 2.27 2.41 
' Total electromotive ! 
force Bmax | T 4.3 5.6 6.2 6.5 iH 
' Total expansion force Jav A/mm4 30 26 ~=6|~—s 32 41 | 
Total centripetal force ml he 76 77 ~!|~—sO76 70 
Total magnetic force Mmf MA 38.4 42.2 , 40.3 ' 34.6 
Total expansion force 
| (the center of radius a)| Ff MN 606 622 540 570 
| al centripetal force Fe MN 82 98 113 135 
Number of element coils Ne Piece 12 12 12 12 
' Number of element layers Layers 
x Number of turns NlxNt | x turns 20x8 16x11 14x12 12x12 
' Total number of windings! N Turn | 1920 | 2112 2016 1728 














The primary strands are formed by twisting six solder-plated superconducting 


wires and 13 Al wires and impregnating them in solder. 


With the Al wire with 


a diameter of 1.4 mm, a CujoNi jacket with a thickness of 70 um is used to 


decrease the inter-wire coupling loss. 
the Cu39Ni and formed into a secondary strand. 


Six primary strands are wound around 
The secondary strand is 


incorporated in Cu39Ni portal reinforcing material with a thickness of 4 mm 
and impregnated in solder to assure the stability and mechanical strength by 
preventing the movements of the strands and improving the heat conduction to 


the outside. 


(2) 


The forced cooled conductor has a cable-in-conduit structure in which strands 


Forced cooled NbTi system 


made by twisting superconducting wires are accommodated in a stainless steel 
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conduit. This design emphasizes stability and takes AC loss reduction into 
consideration. 


From the basic design specifications, we designed the coil with a rated 
current of 20 kA, maximum magnetic field recorded of 5.6 T, magnetic field 
variation rate of 0.182 T/s and supercritical helium temperature at the 
entrance of the conductor into the cooling medium of 4.5K. Emphasizing the 
stability of the superconducting conductor, we set the critical current 
margin to 3 from our experience with fabrication. The critical current 
density of NbTi is 1430 A/mm2 (5.6 T, 4.5K). 


With this design, 972 superconducting wires with a diameter of 0.62 mm are 
multi-stranded wire, accommodated in a rectangular conduit made from 2.3 mm 
thick stainless steel with a void ratio of 38% through which supercritical 
helium is forced to flow. 


In the cross-section of the superconducting wire, Cu, the superconducting 
section then Cu are arranged from the center. The superconducting section 
consists of a 4-layer matrix structure in which Cu, CuNi and Cu are arranged 
around a NbTi filament with a diameter of 6 wm. The fourth layer made with 
Cu is intended to improve the stability by thermal conduction by linking the 
Cu at the wire center and the Cu at the outer periphery with Cu. The 
superconducting wire surface is oxidized to form a 2 wm thick copper oxide 
film which can reduce the inter-wire coupling loss. 


The multi-stranded wire is accommodated in a stainless steel conduit after 
its outer periphery has been taped with stainless steel tape. The electric 
insulation of the conductor is provided by taping 0.5 mm thick insulation 
tape around the conduit. 


(3) Forced cooled Nb3Sn (single conduit) system 


This design aims at reducing the hysteresis loss by decreasing the filament 
diameter while securing the critical current density which contributes to 

the improvement of stability. The conductor has a cable-in-conduit structure 
with which the cooling channel is located at the center and the strand is 
placed in a stainless steel conduit. 


From the basic design specifications, we designed the coil with a rated 
current of 20 kA, maximum magnetic field recorded of 6.2 T, magnetic field 
variation rate of 0.20 T/s and supercritical helium temperature at the 
entrance of conductor into the cooling medium of 4.5K. We set the critical 
current margin to 2 considering the stability of the supercoaducting con- 
ductors and the quantity of superconducting material used. The critical 
current density is 1300 A/mm2 (6.2 T, 4.5K). 


With this design, 324 superconducting wires with a diameter of 0.75 mm are 
multi-stranded wire and a 6 mm diameter cooling channel made of 0.5 mm thick 
stainless steel is placed on the center to improve the stability of strand 
structure and the reliability against refrigerant blocking at the strand 
section. The strand is accommodated in a rectangular conduit made from 
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3.0 mm thick stainless steel with a void ratio of 38% through which super- 
critical helium is forced to flow. The cooling channel is perforated with a 
3 mm diameter pore every 200 mm with the orientation varied by 90° so that 
refrigerant can be supplied to the strand section. 


The superconducting wire is fabricated by the bronze method. The cross- 
section of the superconducting wire consists of the core at the center and 
the stabilizing Cu on the outer periphery. The central core is composed of 
the Nb3Sn filament with a 3 um diameter and bronze. Between the core and Cu, 
a Ta barrier layer of 10 um is provided to prevent contamination of Cu due to 
Sn diffusion accompanying heat treatment. The wire surface is plated with 

2 um thick Cr to reduce the inter-wire coupling loss. 


The multi-stranded wire is accommodated in a stainless steel conduit after 
its outer periphery has been taped with stainless steel tape. The electric 
insulation of the conductor is provided by attaching 0.5 mm thick insulation 
tape around the conduit. 


(4) Forced cooled Nb3Sn (double conduit) system 


The emphasized target is to ensure stability and reduce the AC loss. This 
conductor structure is a double conduit structure, in which the multi- 
stranded wire is accommodated in a flat, hexagonal-shaped stainless-steel 
inner conduit which is covered with a rectangular outer conduit. This truss 
structure is adopted in an attempt to improve the conductor's structural 
strength, decrease the conductor's weight, reduce the refrigerant pressure 
loss by providing refrigerant subchannels at the four corners and to make 
the temperature inside the conductor uniform. 


From the basic design specifications, we designed the coil with a rated 
current of 20 kA, maximum magnetic field recorded of 6.5 T, magnetic field 
variation rate of 0.21 T/s and supercritical helium temperature at the 
entrance of the conductor into the cooling medium of 4.5K. We set the 
critical current margin to 2 considering the stability of the supercon- 
ducting conductors. The critical current density is 1200 A/mm? (6.5 T, 4.5K). 


With this design, 216 superconducting wires with a diameter of 0.79 mm are 
multi-stranded into a hexagonal shape and accommodated in the inner conduit 
made with 2.5 mm thick stainless steel with a void ratio of 40%. The outer 
conduit is made of stainless steel with a thickness of 2.5 mm. The spaces 
produced at the four corners between the outer and inner conduits are used as 


subch i 's, and a 1.5 mm diameter pore is made every 10 mm in the inner con- 
dui. c ‘.at the refrigerant can be supplied to the strand section. 
The s conducting wire is fabricated by the bronze method. The cross- 


section of the superconducting wire consists of Cu, superconducting section 
and Cu from the center. The superconducting section is composed of Nb3Sn 
filament bronze with a diameter of 8 um. To reduce the AC loss and prevent 
Cu contamination, a Ta barrier layer of 10 um is provided between the super- 
conducting section and the Cu outside and inside it. The superconducting 
wire surface is plated with 5 wm thick Cu to reduce the inter-wire coupling 
loss and to prevent the wire surface from damage during winding. 
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(Table 2 continued) 
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Key: 
1. Between filaments (1.1 um) 17. Conduit 
2. NbTi filaments (4.3 um, 37 Design: Cryogenic, special non- 
filaments) magnetic steel 
3. Primary stack Prototype: SUS361L 
4. Secondary stack (930 primary 18. Cooling channel 
stacks) 19. Conduit thickness: 3.0 
5. Superconducting conductor Cooling channel thickness: 0.5 
6. Portal Cu30Ni Insulation thickness: 0.5 
7. Primary strand 20. Ta barrier 
8. Solder fixing 21. Internal stabilizing copper 
9. Al purity 99.999% 22. Nb3Sn/bronze 
10. Al wire 23. External stabilizing copper 
ll. Superconducting wire 24. Cr plating (5 um) 
12. Conduit thickness 25. Subchannel 
13. Insulation thickness 26. Conduit (inner) 
14. Ta barrier (10 um) 27. Conduit (outer) 
15. Stabilizing copper 28. Conduit material 
16. Cr plating (2 um) Design: SUS361LN 


Prototype: SUS316 

Conduit thickness: outer 2.5 mm, 
inner 0.6 mm 

Insulation thickness: 0.5 mm 
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Both of the inner conduit and outer conduit are composed of two members which 
can be divided into upper and lower sections. Covering the strand, the mem- 
bers of the inner and outer conduits are welded simultaneously with high- 
convergence TIG welding. 


The electric insulation of the conductor is assured by taping insulation 
tape with a 0.5 mm thickness around the conduit. 


Table 2 shows the conductor structures described above, and Tables 3 and 4 
show the results of stability analyses and AC loss calculations based on the 
conductor structures. 

















Table 3. Stability Analysis Results 
System j|Immersion | Forced | Forced cooled | Forced cooled 
cooled cooled | Nb3Sn (single | Nb3Sn (double 
Item NbTi NbTi conduit) conduit) 
Thermal stability 
Stabilization coefficient 1.16 -- -- a= 
Temperature margin (K) 2.0 1.48 5.4 5.0 
Thermal disturbance limit 
(mJ /cm*) 1400 660 1480 1500 
Temperature rise during 
quenching (K) 24 75 90 165 















































Table 4. AC Loss Calculation Results (Per 12 Element Coils) 
System | Immersion | Forced Forced cooled | Forced cooled 
cooled cooled Nb3Sn (single Nb3Sn (double 
Item NbTi NbTi conduit) conduit) 
Hysteresis loss (W)‘%) | 64 6.91261 87.3] 183 68.0 355 69.2 
Coupling loss (W) (%) 839 89.8; 34 11.4 59 22.0 137 #8 26.7 
Intra-wire (W) (%) 34 3.6] 34 11.4 59 22.0 137 =26.7 
Inter-wire (W) (%) 805 86.2 
Eddy-current loss 
(W) (4%) 31 3.3 4 1.3 27 +~=10.0 21 4.1 
Total AC loss (W) (%) 934 100 299 100 269 100 513 100 
AC loss rate (%) 0.0035 0.0012 0.0010 0.0019 




















2.3 Overall Superconducting Coil Design 


Based on the design specifications of the superconducting coils, we analyzed 
the electromagnetic forces generated when the 20 kA rated current is sup- 

plied and the stress produced by this electromagnetic force on various parts 
of the superconducting coil, evaluated the material strength and studied the 


specific support structure. 


We also studied the fabrication method of super- 


conducting coils, the structure of the cryostat, the superconducting coil 


cooling method and so on. 


possibility of the pilot plant. 
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As a result, we could clarify the technical 














3. Quench Protection 
3.1 Survey of Existing Technology 


For cases in which a superconducting coil is quenched for some reason, a 
protection system for detecting the quenching and prevent damage to the 
superconducting conductor is necessary. 


Among the detection and protection methods picked up in literature search, 
we selected the bridge method and terminal voltage method as the detection 
methods for the immersion cooled material, the bridge method, compensation 
coil method and fluid method as the detection methods for forced cooled 
materials, and the external protection resistance method and regeneration 
method as the protection methods for both the immersion and forced cooled 
materials. 


3.2 Design of Quench Protection System 


3.2.1 Setup of Basic Specifications 

















The quench protection system is composed of quench detectors, protection 
resistance switch and protection resistance. 
Table 5 shows the basic specifications of the quench protection system set 
based on the required specifications from the superconducting coil under 
study. 
Table 5. Basic Specifications of Quench Protection System 
No. Component Item Specification 
1 Quench detector 
(1) Voltage method 1) Detection level Less than 10 mV 
2) Min. detection judging time | Less than 10 ms 
(2) Fluid method 1) Detection level Reverse flow of 
(forced cooling) refrigerant 
2) Min. detection judging time | Less than 30 ms 
2 Protection 1) Rated current 20 kA 
resistance switch 2) Withstand voltage peak More than 3 kV 
3 Protection 1) Withstand voltage peak More than 3 kV 
resistance 2) Absorbed energy 480 MJ 




















3.2.2 Basic Design 


We made basic designs for the immersion cooled and forced cooled systems. 
With the forced cooled system, we deal with the coil using NbTi. 
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(1) Basic specifications of component 


As a result of study into the basic specifications of quench protection 
systems components based on the specifications shown in Table 5, we reached 
the basic specifications shown in Table 6, where the specifications of the 
components of a quench protection system for immersion cooled material are 
shown as an example. 




















Table 6. Basic Specifications of Quench Protection System Components 
(Immersion cooled NbTi, bridge method, external parallel resistance 
method) 

No. Component Item Specifications 
1 Quench detector | 1) Detection level Less than 5 mV 
(bridge method) | 2) Min. detection judgment Less than 5 ms 
time 
3) Transmission delay time Less than 5 ms 
4) Quench detection condition 
Detection level setting 5 mV tol V 
range 
Detection judging time 5 ms tol s 
setting range 
5) Withstand voltage peak More than 3 kV, con- 
tinuous 
6) Rated voltage across 84 V (2 kV/24) 
terminals 
7) Input impedance across More than 10 megohms 
terminals 
8) Number of detectors 12 units 
2 Protection 1) System Mechanical 
resistance 2) Rated current 20 kA 
switch 3) Withstand voltage peak More than 3 kV, con- 
tinuous 
4) Switching time Less than 100 ms 
5) Current resistance Less than 1 megohm 
6) Duty 10 min. of pause 
after every current 
supply 
7) Number of switches 1 unit 
3 Protection 1) Resistance 0.15 ohm 
resistance 2) Current waveform I(t) I(t) = Ig exp (-t/r), 
Ig = 20 kA, r= 168 
3) Rating Short period 
4) Withstand voltage peak More than 3 kV, con- 
tinuous 
5) Absorbed energy 480 MJ 
6) Number of resistances l unit 














89 











(2) Time from production of quench to start of protection and coil tempera- 
ture 


Assuming that a quenching is caused at a rated current of 20 kA, we studied 
the relationship between the time from the start of quench to the start of 
protection (cut-off delay time) and the coil temperature. The results are 
shown in Figure 1. With both immersion cooling and forced cooling, even if 
there is a cut-off delay of 3 seconds, the coil temperature is less than 100K 
and 150K respectively and protection is possible. 
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(b) Forced cooled NbTi 


Figure 1. Relationship Between Cut-Off Delay Time 
and Coil Temperature 


(3) Study of possibility of regeneration 


On the presupposition that regeneration to the power system is possible up to 
2 kV when the rated current is 20 kA, we studied the permissible time until 
the start of regenerative operation. Assuming that current is to be cut off 
by the DC breaker and energy is discharged with an external protection 
resistance in case an abnormality is detected during regenerative operation 
and that the design temperatures of the coils are 100K and 150K respectively, 
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we calculated the permissible time until the start of regenerative operation 
and judged from the result that a regeneration technique might be applicable. 
In the future, we will start the study of the regeneration conditions. 


3.3 Technical Problems 


Quench detectors are regarded to be subjected to various types of noise such 
as that from the SMES system and that from the outside. Therefore, it is 
required to study noise countermeasures, for example the installation of a 
filter inside the detector. As for the fluid method, issues in development 
such as the possibility of the reverse flow of refrigerant and the elucida- 
tion of the interaction between cooling channels have been found. 


4. Conclusion 


For the study of superconducting coil in FY93, we are planning to test and 
evaluate the superconducting conductor prototypes and choose the conductor 
system to be applied to the pilot plant through an interim evaluation. 


For quench protection, we will develop the fluid method, study the accessory 
equipment such as filter circuitry and protection resistance, and perform 
their interim evaluation considering application in the pilot plant. 


Development of Element Technology for Equipment 
946C2010J Tokyo CHODENDO DENRYOKU CHOZO SHISUTEMU in Japanese 14 Jul 93 p 195 


[Report in Session 3 "Survey on Developments of Element Technologies of 
Superconducting Magnetic Energy Storage System," by Osami Tsukamoto 
(Yokohama National University), Fumio Arakawa (Electric Power Development 
Company), and Hikaru Kitahara (Tohoku Electric Power Co., Inc.)] 


[Excerpt] Abstract 


Among the subjects of element technology development for a 100 kWh SMES 
system identified in the "Survey on Developments of Element Technologies of 
Superconducting Magnetic Energy Storage System" started in FY91 by ISTEC 
[International Superconductivity Technology Center], we will introduce the 
situation of studies into the AC/DC converter, persistent current switch and 
DC breaker. We made the basic designs and conceptual designs of three 
systems for the AC/DC converter, three normal-temperature systems and one 
cryogenic-temperature system for the persistent current switch and AC 
breaker, and compared the developed systems. 


l. Introduction 


The SMES is a power storage system capable of storing electric energy in the 
form of magnetic energy in superconducting coils with no loss and accepting 

energy from and discharging energy to the power system. It is applicable for 
compensating load swings, improving system stability and maintaining voltage 
quality, and is also expected to have a potential of replacing pumped storage 
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power generation. An SMES system is composed of an AC/DC converter which 
converts power between DC and AC, a DC breaker which cuts off the DC 
circuitry for protection in the case of component failure, a persistent 
current switch which forms a low-loss closed circuit with the coils, a pro- 
tection resistance circuit which consumes stored energy in the case of coil 
quenching, and so on, in addition to the superconducting coils. 


The "Survey on Developments of Element Technologies of Superconducting 
Magnetic Energy Storage System" started in FY91 by the ISTEC is for the 
development of element equipment for a 100 kWh SMES system and research into 
the systems, aiming at determining the component equipment systems and estab- 
lish the element technologies in the interim report issued in FY93. Among 
the committees and sub-panels organized by persons of experience and academic 
standing to promote the efficiency of the survey, this report introduces the 
results of element equipment developments related to the AC/DC converter, DC 
breaker and persistent current switch (hereinafter referred to as “equip- 
ment") which were the responsibility of the Equipment Sub-panel, based on 
Reference Materials (1) and (2). [These reference materials refer to: 

"Part LIL of the Report on the Survey on Developments of Element Technologies 
of Superconducting Magnetic Energy Storage System in FY91" and the same 
material in FY92, both published by ISTEC.] [passage omitted] 


Research on Optimum System 
946C2010K Tokyo CHODENDO DENRYOKU CHOZO SHISUTEMU in Japanese 14 Jul 93 p 203 


[Report in Session 3 "Survey on Developments of Element Technologies of 
Superconducting Magnetic Energy Storage System," by Systems Research Sub- 
panel (chaired by Yoshishige Murakami, Osaka University, and assisted by 
Katsuya Tsutsumi, Kyushu Electric Power Co., Inc.)] 


[Excerpt] Abstract 


With regard to the SMES system configuration among the element technologies 
which must be developed to develop the SMES pilot plant (output power 20 MW, 
storage capacity 100 kWh class), we assumed the mode of operation as a multi- 
purpose SMES, set the specifications required from the power system of each 
purpose of a small-scale pilot plant, performed system design for three cases 
obtained by combining three superconducting coil systems and two AC/DC con- 
verter systems, and clarified the optimum system configuration for the pilot 
system. 


1. Introduction 


An optimum SMES system should satisfy the requirements in terms of functions, 
control and protection performance, operation performance, system interconnec- 
tion performance, reliability and economy for each purpose of SMES. 


In this research, we selected three cases of multi-purpose SMES systems by 
combining three superconducting coil systems and two AC/DC converter systems 
which are being studied in the research into the element technologies 
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required for developing the pilot plant, carried out system design including 
the basic specifications of the main equipment, main circuit configuration, 
control system, protection system and layout for each case and, based on the 
designed results, will select the optimum system meeting the specific condi- 
tions for the optimum system to be used in the pilot plant. 


This report is a compilation of the results achieved through the survey and 


research carried out by the Systems Research Sub-panel from FY91 up to the 
present. [passage omitted] 


- END - 
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